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Preface 


In  order  to  achieve  economically  viable  high-performance  aircraft  of  the  future,  an  integrated  aircraft  design  (lAD)  process  is 
required.  Integrated  airframe  design  embraces  the  concept  of  bringing  together  all  of  the  aspects  of  airframe  design,  including 
various  disciplines  such  as  structures,  materials,  aerodynamics,  controls  and  manufacturing,  from  conceptual  design  all  the  way 
through  manufacturing.  It  also  includes  the  sub-disciplines  which  are  involved  in  each  discipline  and  the  interactions  these  have 
with  one  another.  Moreover,  an  lAD  process  also  affects  the  organizational  structure  of  personnel.  Typically,  many 
organizational  units  are  involved  in  the  design  process.  An  lAD  approach  increases  the  interactions  between  these  organizations 
and  changes  the  way  they  interact  with  one  another.  In  contrast,  the  conventional  design  process  is  basically  sequential  or 
hierarchic  in  nature  and  is  broken  down  into  many  steps  which  are  loosely  coupled  to  one  another  (i.e.,  there  are  few  iterations 
between  design  steps  and  limited  interaction  between  organizational  units).  Moreover,  the  organizational  structure  is  set  up  to 
mimic  the  conventional  sequential  design  process  and  it  too  is  sequential.  Hence,  an  lAD  process  is  radically  different  from  the 
conventional  design  process. 

There  is  also  considerable  discipline  related  advancements  that  will  enable  lAD.  These  fall  into  two  categories;  those  which 
reduce  engineering  time  and  those  which  reduce  CPU  time.  In  the  first  category  are  new  modeling  techniques  which  allow  rapid 
construction,  refinement  and  modifications  of  models.  Presently,  complex  models  take  exorbitant  amounts  of  time  to  create 
and. 'or  modify.  This  must  be  reduced  through  innovati'"  modeling  tc  h.'^.iqucs.  Also  in  the  first  category  are  improved  pre-  and 
post-processing  capability  to  reduce  the  time  needed  to  understand  the  output.  In  the  second  category  are  those  algorithms 
which  speed  up  solution  times  and  take  advantage  of  evolving  computer  technologies  and  architectures. 

It  is  strongly  believed  that  the  recent  and  future  advances  in  high-performance  computer  hardware  and  software  systems  provide 
the  opportunity  to  create  an  lAD  process  that  will  allow  the  process  steps  and  disciplines  to  interact  with  one  another.  Moreover, 
comprehensive  data  bases  will  provide  organizational  units  access  to  one  another's  data  and  models,  thereby  promoting  more 
interaction  between  organizations  and  moving  toward  a  concurrent  engineering  environment  for  airframe  design.  Co-location 
of  personnel  with  different  discipline  backgrounds  will  be  required,  however,  this  may  take  the  form  of  "virtual  co-location" 
brought  about  by  high-speed  computer  networks  and  audio-visual  aids. 

In  order  to  provide  a  broad-based  approach  to  evaluating  and  identifying  future  research  and  development  directions  required 
to  provide  lAD  technology,  the  First  Integrated  Airframe  Design  Technology  Workshop,  sponsored  by  AGARD.  was  held  in 
Antalya,  Turkey  on  April  19th-20th,  1993.  This  document  summarizes  the  output  of  that  workshop.  Presentations  are 
categorized  as  those  on;  recent  and  on-going  developments  in  integrated  airframe  design  at  participating  aerospace 
organizations,  manufacturing  simulation,  interdisciplinary  integration  and  developments  in  computer  hardware  and  software 
which  enable  integrated  airframe  design.  In  addition,  a  panel  session  which  capped  off  the  Workshop  is  also  summarized. 
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Preface 


L'industrialisadon  des  futurs  aeronefs  a  hautes  performances  dans  des  conditions  economiquement  viables  depend  de  la  mise 
en  place  d'un  procede  de  conception  integree  (lAD).  La  conception  integree  des  cellules  engiobe  le  concept  du  rassemblement 
de  I'ensemble  des  aspects  de  la  conception  des  cellules,  couvrant  differentes  disciplines  telles  que  les  structures,  les  matenaux. 
I'aerodynamique,  la  fabrication  et  les  controles,  et  ceci  des  etudes  conceptuelles  jusqu'a  la  fabrication. 

Elle  comprend  egalement  les  sous-disciplines  qui  font  parde  de  chacune  des  disciplines,  ainsi  que  les  interactions  entre  celles-ci 
En  outre,  le  procede  lAD  influe  sur  la  structure  hierarchique  du  personnel.  Typiquement,  le  procede  de  conception  mobilise 
plusieurs  differentes  unites  structurelles.  L’approche  lAD  multiplie  les  interactions  entre  ces  unites  et  modifie  la  fafon  doni  elles 
communiquent  entre  elles. 

Le  procede  de  conception  traditionnel  est,  au  contraire,  essentiellement  de  caractere  sequentiel  ou  hierarchique.  II  est  compose 
de  plusieurs  etapes  qui  sont  plus  ou  moins  reliees  entre  elles  (c’est  a  dire  qu'il  y  a  tres  peu  d’iterations  entre  les  phases  d  une  etude 
et  que  les  interactions  entre  les  unites  structurelles  sont  limit^s).  D'ailleurs  la  structure  organisationnelle  imite  le  priK-ede 
sequentiel  traditionnel  de  conception,  car  elle  est,  elle  aussi,  s^uentielle.  Le  procede  lAD  est  done  radicalement  dilferent  du 
procede  de  conception  conventionnel. 

Des  progres  considerables  ont  egalement  ete  realises  dans  des  domaines  lies  a  cette  discipline,  ce  qui  autori.se  I’application  de 
riAD.  Les  progres  sont  de  deux  sortes;  ceux  qui  permettent  de  reduire  le  temps  passe  par  les  bureaux  detudes  et  ceux  qui 
reduisent  le  temps  du  traitement  informatique.  Dans  la  premiere  categorie  se  trouvent  les  nouvelles  techniques  de  modelisation 
qui  autorisent  a  la  fois  une  realisation  rapide,  de  la  sophistication  et  la  modification  des  modeles.  A  I'heure  actuelle.  iu  creation 
et/ou  la  modification  de  modeles  complexes  demande  des  ddais  exorbitants.  II  s'agit  de  reduire  ces  delais  par  le  biais  de 
techniques  de  modelisation  novatrices.  A  la  premiere  categorie  il  y  a  lieu  de  rajouter  une  meilleure  capacite,  tant  avant  qu'apres 
le  traitement,  pour  la  reduction  du  delai  necessaire  a  la  comprehension  des  resuitats. 

Dans  la  deuxieme  categorie  se  trouvent  les  algorithmes  qui  permettent  d’accelerer  le  processus  de  resolution  et  qui  beneficient 
de  revolution  des  technologies  et  des  architectures  informatiques. 

Nous  sommes  convaincus  que  les  avancees  recentes  et  previsibles  des  systemes  informariques  a  hautes  performances 
foumissent  I’occasion  de  creer  un  procede  LAD  qui  permettra  I'interaction  entre  les  disciplines  et  les  differentes  etapes  du 
procede  de  conception.  De  plus,  des  bases  de  donnas  exhaustives  permettront  aux  organisations  d'acceder  les  unes  et  les  autres 
aux  donnees  et  aux  moddes  existants,  encourageant  ainsi  une  plus  forte  interaction  entre  les  organisations,  ce  qui  laisse  prevoir 
une  ingenierie  commune  concurrente  pour  la  conception  des  cellules.  La  co-localisation  de  personnels  de  differentes  disciplines 
sera  necessaire,  mais  ceci  pourrait  se  faire  sous  la  forme  dune  "co-localisation  virtuelle"  grikee  aux  reseaux  informatiques  a 
grande  vitesse  ainsi  qu'aux  moyens  audiovisuels. 

Le  premier  atelier  de  travail  sur  les  technologies  pour  la  conception  integree  des  cellules  a  etc  organise  a  Antalya,  en  Turquie.  du 
19  au  20  avril  1993,  afin  d’elaborer  une  approche  tous  azimuts  de  I'idcntification  et  revaluation  des  \'oies  futures  de  recherche  et 
developpement  dans  le  domaine  des  technologies  lAD.  Ce  document  resume  les  resuitats  des  travaux  de  cet  atelier.  Les 
communications  presentees  sont  classees  selon  les  categories  suivantes:  les  developpements  recents  et  en  cours  dans  le  domaine 
de  la  conception  integree  des  cellules  au  sein  des  organisations  aerospatiales  participantes.  la  simulation  de  la  fabrication. 
I’integration  interdisciplinaire  et  les  developpements  informatiques  qui  permettront  la  conception  integree  des  cellules.  Ce 
document  contient  aussi  le  resume  de  la  session  de  travail  du  Panel  qui  a  cloturee  I’atelier. 
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intreducthm 

In  order  to  achieve  economically  viable  high- 
performance  aircraft  of  the  future,  an 
integrated  aircraft  design  (lAD)  process  is 
required.  Integrated  airframe  design  em¬ 
braces  the  concept  of  bringing  together  all  of 
the  aspects  of  airframe  design,  including 
various  disciplines  such  as  structures,  mater¬ 
ials,  aerodynamics,  propulsion,  controls  and 
manufacturing,  from  conceptual  design  all  the 
way  through  to  the  final  product  and  its  repair 
and  maintenance.  It  also  includes  the  sub¬ 
disciplines  which  are  involved  in  each 
disci^ine  and  the  interactions  these  have  with 
one  another.  Moreover,  an  lAO  process  also 
affects  organizational  structure  of  personnel. 
Typically,  many  organizational  units  are 
involved  in  the  design  process.  An  lAO 
approach  increases  the  interactions  between 
these  organizations  as  well  as  changes  the  way 
they  interact  with  one  another.  In  contrast, 
the  conventional  design  process  is  basically 
sequential  or  hierarchic  in  nature  and  is 
broken  down  into  many  steps  which  are  loosely 
coupled  to  one  another  (i.e.,  there  are  few 
iterations  between  design  steps  and  limited 
interaction  between  organizational  units). 
Moreover,  the  organizational  structure  is 
typically  set  up  to  mimic  the  conventional 
design  process  so  it  too  is  sequential.  An  lAO 
process  would  be  radically  different  from  the 
conventional  design  process.  It  would  permit 
many  disciplines  to  operate  in  parallel  thereby 
reckicing  design  cycle  time. 

It  is  strongly  believed  that  the  recent  and 
future  advances  in  high-performance  com¬ 
puter  hardware  and  software  systems  provide 
the  opportunity  to  create  an  lAO  process  that 
will  all^  the  process  steps  and  disciplines  to 
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interact  with  one  another.  Moreover,  compre¬ 
hensive  data  bases  will  provide  organizational 
units  access  to  one  anothers  data  and  models, 
thereby  promoting  more  interaction  between 
organizations  and  moving  toward  a  concurrent 
engineering  environment  for  airframe  design. 
Co-locaton  of  personnel  with  different  disci¬ 
pline  backgrounds  will  be  required,  however, 
this  may  take  the  form  of  "virtual  co-location" 
brought  about  by  high-speed  computer  net¬ 
works  and  audio-visual  aids.  This  will  make  it 
possible  to  create  a  more  concurrent  aircraft 
design  process  and  consequently,  shorten  the 
design  and  manufacture  process. 

In  order  to  provide  a  broad-based  approach  to 
evaluating  and  identifying  future  research  and 
development  directions  required  to  provide  lAD 
technology,  the  First  Integrated  Airframe 
Design  Technology  Workshop,  sponsored  by 
AGARD,  was  held  in  Antalya,  Turkey  on  April 
19-20,  1993.  The  workshop  consisted  of  two 
sessions;  one  on  the  state-of-the-art  and 
future  directions  and  the  other  on  the  design 
process  itself.  Altogether,  fourteen  present¬ 
ations  were  made  and  a  panel  discussion  con¬ 
cluded  the  workshop. 

The  purpose  of  this  report  is  to  evaluate  and 
identify  the  technology  needs  and  issues  that 
must  be  addressed  in  order  to  achieve  inte¬ 
grated  airframe  design  as  surfaced  at  the  First 
Integrated  Airframe  Design  Workshop.  The  lAD 
Workshop  identified  several  technical  needs. 
These  appear  to  fall  into  three  categories. 
First,  the  need  was  identified  for  new  metho¬ 
dologies  which  would  be  used  to  provide  more 
accurate  data  and  predictive  capability  early  in 
the  design  process.  This  category  includes 
improved  load  definition,  manufacturing  sim¬ 
ulation,  fluid-structure  interaction  and  treat¬ 
ment  of  design  details.  This  will  require  new 
single  and  multidisciplinary  methodologies.  A 


Technical  Evaluation  Report  on  AGARD  Meeting  on  ‘Integrated  Airframe  Design  Technology’,  April,  1993. 


second  category  M^e  those  computationai  util¬ 
ities  required  to  enable  an  efficient  integrated 
design  system,  »ich  as  better  pre-  and  post¬ 
processing  capability  to  achieve  a  user 
frieiKlty  environment,  improved  algorithms 
which  take  advantage  of  emerging  computer 
hardware  and  architecture  to  produce  quick 
turn-around  solutions,  and  modularized  soft¬ 
ware  that  can  be  updated/replaced  as  new 
software  rrKxIules  are  developed.  Third,  there 
were  those  needs  related  to  a  concurrent 
engineering  environment  and  those  of  an 
organizational  nature,  such  as  co-location  of 
multidisciplinary  and  multi-function  person¬ 
nel.  The  remainder  of  this  evaluation  report  is 
divided  into  these  three  areas. 


There  are  major  benefits  in  developing  meth¬ 
odologies  which  permit  more  comprehensive 
and  in-depth  analyses  early  in  the  design  as 
addressed  by  J.  Coyle  of  the  McDonnell  Aircraft 
Company  (8).  The  sooner  design  issues  are 
urKovered  and  addressed  within  a  discipline, 
the  less  impact  they  are  likely  to  have  on  their 
own  discipline  and  other  disciplines.  This  can 
reduce  costs  dramatically.  Methodologies 
which  make  it  easier  to  examine  design  details 
should  be  included  in  an  lAD  ^stem,  since  it  is 
often  the  tedium  and  length  of  time  required  to 
perform  the  appropriate  computations  that  is 
prohibiting.  Also,  methodologies  which  lead  to 
better  loads  definition  early  in  the  design 
process  are  needed  The  theme  of  meeting  early 
design  needs  kept  recurring  throughout  the 
workshop. 

An  overview  of  the  actual  state-of-the-art  in 
lAD  in  connection  with  the  process  chain  was 
given  by  Petiau  from  Dassault  Industries 
(14).  This  presentation  explained  the  current 
airframe  design  methodology  for  a  combat 
aircraft.  Emphasis  was  placed  on  the  necessity 
for  efficient  computational  tools:  a  CAD  tool 
(e.g.,  CATIA)  with  a  common  data  base  for  the 
geometrical  data,  an  integrated  analysis  tool 
(e.g.,  ELFINI)  for  managing  aeroelasticity, 
loads  and,  stress  and  strain  coupled  with  CAD 
and  contrc^ed  by  a  mathematical  optimizer. 
For  the  design  process  of  the  future  he  gave 
some  trends  of  the  capabilities  of  new  d^ign 
tools.  To  achieve  cost  and  time  reductions  in 


the  development  process,  the  geometric  design 
must  use  feature  modeling  in  which  parts  are 
defined  by  their  features  (e.g.,  sheet,  hole, 
flanged  edge)  and  no  longer  by  geometric 
primitives  (e.g.,  points,  curves  and  surfaces). 
The  integrated  analysis  tools  have  to  use  design 
variables  defined  by  CAD  properties  and  not 
FEM  properties  to  hande  shape  and  topological 
optimization  issues.  lAD  should  also  be  ex¬ 
tended  to  cover  other  dsciplines  such  as  flight 
mechanics,  performance,  propulsion  and  flight 
control  systems.  As  addressed  by  M.  Moizow 
and  H.  Zimmerman  of  Deutsche  Aerospace 
Airbus  GmbH  (10),  control  systems  must  be 
incorporated  into  an  integrated  design  system 
both  from  a  performance  and  loads  point  of 
view.  As  shown  in  the  presentation  by  C. 
Chamis  of  the  NASA  Lewis  Research  Center, 
(13),  integrated  computerized  simulation 
capabilities  for  the  propulsion  discipline  are 
rapkfly  developing. 

As  pointed  out  in  the  paper  by  Laan  et  al  of 
Fokker  Aircraft  (9),  better  loads  definition  is 
one  of  the  practical  needs  of  lAD.  It  requires 
improvements  in  the  load  definition  process  so 
that  prediction  of  loads  is  more  rapid  and  more 
reliable  at  an  early  stage  of  design.  As  the 
design  process  progresses  the  loads  definition 
should  improve  with  the  design  definition.  It 
does  not  make  good  sense,  nor  is  it  good 
business,  to  optimize  a  design  with  a  severely 
in-accurate  loads  definition.  As  they  point  out, 
factors  of  safety  are  primarily  driven  by  the 
uncertainty  in  the  loads  definition.  A  well 
configured  lAD  system  can  do  much  to  improve 
this  situation,  since  it  will  result  in  better 
models  earlier  in  the  design  process  and  hence 
better  load  definition.  This  theme  was  also 
seen  in  the  presentation  from  the  McDonnell 
Douglas  Corporation,  (11). 

The  McDonnell  Douglas  Corporation  presen¬ 
tation  by  Schofield  and  Giesing,  (11),  re¬ 
viewed  the  work  being  done  in  developing  an 
lAD  ^stem  for  future  large  transport  aircraft. 
Their  presentation  highlighted  the  development 
of  an  Aeroelastic  Design  Optimization  Program 
(ADOP)  which  represents  an  important  step  in 
lAD.  Their  ADOP  code  utilizes  finite  element 
modeling  so  as  to  achieve  a  single  master  modd 
throughout  the  design  process.  As  with  the 
presentation  from  Fokker  Aircraft,  ^ey  show 
the  need  for  better  load  definition  early  in 
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desgn.  They  have  included  aeroeiasticity  into 
AOOP  since  structural  flexibility  strongly 
affects  loads.  An  integrated  ^  ^em  should  also 
aim  at  us^  CFD  capah:’‘*y  coupled  to  FEM 
structural  capability.  ^  introducing  FEM 
early  in  design,  a  master  model  can  first 
assembled  ei^  in  design  and  then  evolved 
from  conceptual  design  through  manufacture. 

Appltration  of  Computational  Fluid  Dynamics 
(CFD)  codes  in  lAD  was  covered  in  the  joint 
presentation  Sciwnidt  and  Rubbert,  (3).  of 
Deutsche  Aero^iace  AG  and  Boeing  Commerciai 
Aircraft,  respectively.  In  order  to  make  better 
decisions  early  in  the  design  process,  aero- 
structural  coupling  must  be  accounted  for, 
since  aero  generated  loads  depend  on  wing 
deformations.  Design  of  economical  high- 
performance  aircraft  will  require  coupled  CFD 
and  structural  FEM  analyses.  It  was  suggested 
that  use  and  acceptance  of  CFD  generated 
results  may  be  greater  in  Germany  than  in 
other  NATO  nations.  If  so,  sharing  of  knowledge 
with  other  nations  would  be  beneficial.  Pacing 
technology  items  in  CFD  are  turbulence  and 
high  an^e  of  attack  simulations.  CFD  codes  do 
not  replace  prototype  aircraft  nor  wind 
tunnels,  but  augment  experimental  data  to 
provide  insight  and  understanding,  and  when 
coupled  with  FEM  structural  models,  provide 
aeroelastic  loads  and  flutter  instabilities.  CFD 
codes  are  now  being  coupled  to  flexible  FEM 
modeled  structure.  The  developments  in  this 
are  must  be  a  part  of  any  lAD  system. 

The  need  to  consider  manufacturing  issues 
early  in  the  design  process  was  another  thread 
that  ran  throughout  the  workshop.  Shumaker 
and  Hitchcock  from  the  Wright  Laboratory  (2) 
stressed  the  need  to  tNnk  through  design  and 
manufacturing  considerations,  identifying  high 
risk  areas  a^  show  stoppers  early  in  the 
design  process.  Also,  computational  tools  exist 
for  detail  desi^,  but  few  exist  for  conceptual 
or  preliminary  design.  Computational  capa¬ 
bility  should  be  established  which  allows 
design  detail  to  be  incorporated  earlier  in  the 
design  process.  Design  details  strongly  influ¬ 
ence  manufacturing  and  heiKe,  if  not  identified 
early,  can  lead  to  potential  difficulties  arising 
late  in  the  design  process  where  they  can 
become  quite  co^.  In  addition,  capability  is 
needed  to  create  "virtual  manufacturing"  sim¬ 
ulations  so  that  manufacturing  can  be  placed 


early  in  the  design  process  to  trade-off  manu¬ 
facturing  costs  with  aircraft  performance  and 
other  issues,  and  to  identify  manufacturing 
inrwvations  to  make  a  weight  or  performartce 
savings  feasible.  Virtual  manufacturing  capa¬ 
bility  would  therefore  answer  questions  such 
as,  "Can  X  performartce  be  built  for  Y  cost"? 
The  bertefits  of  such  a  system  are  predicted  to 
be  a  50H  risk  reduction  through  producibility 
verification. 

The  necessity  of  taking  into  account  the 
manufacturability  early  in  the  design  process 
was  also  highlighted  in  the  paper  of  Krammer 
and  Ruettinger,  (5),  from  Deutsche  Aero¬ 
space.  They  pointed  out  that  for  an  efficient 
integrated  aircraft  design,  the  introduction  of 
sophisticated  software  tools  in  the  different 
disciplines  is  necessary,  but  not  sufficient.  To 
increase  the  overall  productivity  it  is  nece¬ 
ssary  to  analyze  first  the  existing  processes 
and  then  redesign  them  and  support  them  with 
adequate  design  software  (e.g.,  the  Lagrange 
structural  optimization  program.)  They  show¬ 
ed  that  the  inclusion  of  manufacturing  con¬ 
straints  in  the  optimization  loop,  generated  by 
the  simulation  of  an  automatic  tape  laying 
process  and  the  simultaneous  consideration  of 
other  relevant  design  requirements  such  as 
stress,  static  aeroelastics  and  flutter,  makes  it 
possible  to  get  manufacturable  structural  de¬ 
signs  with  minimized  weight. 

Capabilities  to  provide  sensitivity  type  infor¬ 
mation  are  also  highly  desirable.  These  include 
methods  to  compute  sensitivity  derivatives  and 
probabilistic  data.  Probabilistic  capabilities, 
which  were  addressed  by  C.  Chamis  of  the  NASA 
Lewis  Research  Center,  (2),  represent  an 
emerging  technology  which  provides  more 
information  than  traditional  sensitivity  deriv¬ 
atives  because  they  allow  the  consideration  of 
large  changes  in  design  variables,  tolerances, 
loading  unknowns  and  other  uncertain  quan¬ 
tities.  These  methods  provide  reliability  data 
to  identify  those  manufacturing  and  design 
items  which  significantly  contribute  to  per¬ 
formance  risk  and  cost.  Then  those  elements 
which  will  likely  have  the  greatest  payoff  can 
be  attacked  early  in  the  design  process.  Of 
course,  generation  of  reliability  data  requires 
more  input  than  a  comparable  deterministic 
code,  however,  studies  have  shown  that  with 
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remarkably  little  additional  data,  much  val- 
i»bie  information  can  be  extracted 

Deutsche  Aerospace  Airbus  GmbH  in,  a 
presentation  given  by  Werner  and  Evers  (7) 
shared  their  experiences  in  developing  and 
working  with  their  Integrated  Structural 
Mechanics  System  called  ISSY.  This  software 
system  provides  integration  of  stress  and 
strength  analyses  with  a  structiral  data  base. 
They  found  that  integration  eliminated  much 
overlapping  and  duplication  in  the  design 
process.  For  example,  by  changing  a  design 
quantity  in  ISSY,  appropriate  changes  are  made 
to  FEM  models  used  for  stress  analysis  and 
models  used  for  strength  analysis.  This  is 
accomplished  through  software  module  trans¬ 
lators.  For  strength  analysis  the  translators 
reference  separate  frame,  stringer,  skin  panel 
and  other  component  special  purpose  analyses 
and  models  while  for  stress,  the  translators 
reference  FEM  node  geometry  and  eientent 
designators. 

Another  important  aspect  of  lAD  was  presented 
by  Deutsche  Aerospace  GmbH  ( 1 0)  which  ad¬ 
dressed  the  importance  of  aeroservoelastic 
effects  and  its  multiple  interactions  in  the 
design  of  an  actively  controlled  transport  air¬ 
craft.  The  influence  of  an  electronic  flight 
control  system  (EFCS)  on  loads  and  flutter 
velocity  was  shown.  The  challenges  in  connect¬ 
ion  with  system  failures  were  also  discussed. 
It  was  pointed  out  that  for  a  future  multi¬ 
disciplinary  optimization  process,  data  for 
stiffness,  aerodynamic  and  control  systems 
must  be  better  synchronized  in  the  early 
design  phases  in  order  to  obtain  a  balanced 
design.  It  is  necessary  to  predict  the  effects  of 
each  discipline  on  the  aircraft's  handling 
qualities,  loads,  flutter,  structural  response 
and  control  systems.  This  is  an  ambitious  task 
for  an  automated  integrated  airframe  design 
system. 


Computational  Utilities  for  Integrated 
Design 

Since  an  lAD  system  is  for  the  use  of 
engineering  practitioners,  it  is  imperative 
that  it  have  a  user-friendly  "windows-like" 


front-end  pre-processor  with  graphical  cap¬ 
ability  to  verify  modeling.  Model  mesh  gen¬ 
erators  presently  exist  although  there  is  some 
turxng  still  needed  in  order  to  avoid  severely 
distorted  finite  elements.  Adaptive  meshing, 
where  the  mesh  changes  with  structural 
behavior  are  presently  being  developed,  but 
need  better  error  and  refinement  indicators 
before  being  placed  into  an  lAO  system.  These 
capabilities  are  very  much  needed  because 
engineers  still  spend  too  much  time  modeling 
instead  of  analyzing  and  designing. 

An  integrated  system  will  require  a 
considerable  amount  of  input  data,  but  it  will 
also  generate  enormous  amounts  of  output  data. 
Engineers  need  new  utility  tools  to  assimilate 
alt  this  data.  Virtual  reality  may  be  an 
emerging  technology  which  could  be  adapted  to 
an  lAD  system  to  provide  new  ways  of 
examining  output  data.  The  form  that  future 
computing  hardware  systems  will  take,  will 
play  an  integral  part  in  identifying  how  to  put 
together  an  integrated  system. 

A  look  at  the  future  computing  environment 
was  provided  by  Noor  and  Housner  (1)  from 
the  University  of  Virginia  and  from  the  NASA 
Lattgley  Research  Center,  respectively.  Future 
computing  systems  will  likely  consist  of 
heterogeneous  workstation  clusters  closely 
networked  together  in  concert  with  a  massively 
parallel  computer  for  those  operations  which 
can  benefit  from  parallelism.  Execution  time 
on  the  massively  parallel  computers  is  ex¬ 
pected  to  exceed  one  trillion  floating  point 
operations  per  second  (teraflop)  capability  by 
the  end  of  the  decade.  Communication  between 
workstations  will  likely  be  through  Fiber 
Distributed  Data  Interface  (FDDI)  operating  at 
1 00  megabits  per  second  or  High-Performance 
Parallel  Interfaces  (HIPPIs)  operating  at  a 
gigabit  per  sec.  Wireless  Local  Area  Networks 
(LANs)  may  also  become  a  reality  in  the  near 
future.  Graphical  display  capability  will  also 
increase  enormously  and  new  display  tech¬ 
nologies  such  as  virtual  reality  will  be  util¬ 
ized.  Developments  in  computer  hardware  and 
software  have  already  made  "paperless 
aircraft"  a  reality  for  some  organizations.  It 
is  expected  that  this  wilt  be  true  of  all  aircraft 
organizations  in  the  near  future. 
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Desiyi 

In  order  to  integrate  the  data  which  are 
produced  by  the  different  disciplines  and  to 
optimize  the  design  process,  a  relational 
common  data  base  for  lofts,  loads,  aerodynamic 
data  and  other  engineering  data  was  imple¬ 
mented  at  Alenia  (12)  as  discussed  by  L 
Chesta.  Th^  created  a  distributed  workstation 
and  X-terminal  environment  especially  suit- 
ble  for  the  interactive  handling  of  data  such  as 
the  generation  of  the  geometric  model  (e.g. 
CATIA)  or  the  pre-  and  post-processing  of  FEM 
and  CFD  generated  data. 

Integrated  airframe  design  also  requires 
changes  in  organizational  structure.  Shaw 
from  British  Aerospace  (5)  provided  insight 
as  to  what  they  are  doing  to  bring  about  lAD 
through  a  concurrent  engineering  environ¬ 
ment.  Concurrent  engineering  requires  an 
organization  composed  of  multi-disciplinary 
and  multi-function  teams  which  employ  com¬ 
puter  aided  engineering  tools  to  make  design 
decisions.  Because  of  the  multi-disciplinary 
and  multi-functional  character  of  the  teams, 
design  issues,  which  conventionally  are  con¬ 
sidered  sequentially,  are  instead  considered 
cofKurrently.  The  currently  engineered  design 
makes  possible  early  decisions  concerning 
trade-ofls  between  materials,  structural  per¬ 
formance,  cost  and  manufacturing,  thereby 
avoiding  expensive  design  changes,  whose  need 
would  otherwise  become  evident  later  in  the 
design  process. 

One  of  the  organizational  charrges  discussed  by 
several  speakers  was  the  need  for  co-location 
of  personnel  who  must  form  the  multi¬ 
function,  multi-disciplinary  teams  required  in 
a  concurrent  engineering  environment. 
Advances  in  multi-media  communication  may 
make  the  concept  of  virtual  co-location  a  real 
alternative. 

Summary 

A  dosing  workshop  panel  session  helped  to 
summarize  the  workshop  content  and  to 
identify  the  direction  and  needs  in  integrated 
airframe  design.  The  content  of  the  workshop 


revealed  the  present  state  of  integrated 
airframe  design.  Well  established  software 
codes  like  the  ELFINI  code  of  Dassault,  the 
LAGRANGE  code  of  OASA  and  the  on-going 
developnrent  of  McDonnell  Douglas’  ADOP  code 
point  to  the  importance  of  such  software 
systems.  The  use  of  these  and  other  com¬ 
putational  tools  in  the  early  phases  of  the 
design  process  was  an  identified  theme  of  the 
workshop.  Computational  tools  are  needed 
which  can  incorporate  manufacturing  and  de¬ 
tail  design  considerations  in  the  conceptual  and 
preliminary  design  phases  where  about  70%  of 
the  design  decisions  are  made.  For  example, 
the  incorporation  of  manufacturing  simulation 
in  the  early  design  phase  was  strongly 
emphasized. 

It  was  also  the  consensus  of  the  attendees  that, 
whereas  new  individual  computational  tools  are 
needed,  the  integration  of  the  computational 
tools  is  a  critical  need.  Indeed  most  of  the 
presentations  in  the  workshop  addressed  inte¬ 
gration.  Interfaces  between  tools  in  different 
disciplines  must  be  developed.  For  example, 
the  interface  between  structures  and  man¬ 
ufacturing  at  the  conceptual  design  phase  needs 
to  be  addressed  so  that  weight  costs  of  struc¬ 
tural  design  decisions  can  be  traded-off  with 
manufacturing  costs.  A  key  factor  in  tying 
disciplines  together  is  multidisciplinary  de¬ 
sign  optimization. 

The  rapid  developments  in  computing  hardware 
coupled  with  advances  in  new  discipline 
methodologies  and  numerical  methods  will 
allow  enormous  strides  to  be  made  in  pre¬ 
dictive  capability,  it  will  be  possible  to  handle 
more  complex  behavior  earlier  in  the  design 
process  in  a  user-friendly  networked  work¬ 
station  environment  with  high-powered  gra¬ 
phics  to  help  assimilate  the  enormous  amounts 
of  data  that  will  be  output  from  future 
integrated  design  systems. 

One  final  important  item  emphasized  by  the 
workshop  was  that  organizational  changes  will 
be  necessary  to  get  the  fullest  benefit  from  the 
interdisciplinary  integrated  airframe  design 
system  and  that  in  some  cases,  co-location  to 
form  interdisciplinary  teams  may  be 
necessary. 
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For  future  \Morkshops,  it  is  recommended  that, 

(1)  the  interaction  of  engineering  pro¬ 
cesses  with  other  disciplines  which 
influence  development  and  life  cycle 
costs  (manufacturability,  repairability 
and  maintainability)  be  addressed  and 

(2)  the  computational  developments  to  en¬ 
able  more  comprehensive  integrated 
early  design  be  i^xiated  as  developments 
require.  This  would  include,  but  riot  be 
limited  to  methods  for  loads  definition, 
coupled  aero/structure  analysis,  mod¬ 
eling  enhancements  and  manufactiH'ing 
simulation.  High-risk/high-payoff  ap- 
,.1  caches  could  be  identified. 
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New  Computing  Systems,  Future  Computing  Environment  and  Their 
Implications  on  Structural  Analysis  and  Design 


Ahmed  K.  Noor  and  Jerrold  M.  Housner 
NASA  Lanjjley  Research  Center 
Mail  Stop  210 

Hampton,  Virginia  23681  U.S.A. 


SUMMARY 

Recent  advances  in  computer  technology  that  are  likely  to 
impact  structural  analysis  and  design  of  flight  vehicles  are 
reviewed.  Brief  summary  is  given  of  the  advances  in 
microelectronics  and  networking  technologies,  and  in  the 
user-interface  hardware  and  software.  The  major  features  of 
new  and  projected  computing  systems,  including  high- 
performance  computers,  parallel  processing  machines,  and 
small  systems  are  described.  Advances  in  programming 
environment,  numerical  algorithms,  and  computational 
strategies  for  new  computing  systems  are  reviewed.  The 
impact  of  the  advances  in  computer  technology  on 
structural  analysis  and  design  of  flight  vehicles  is 
described.  A  scenario  for  future  computing  paradigm  is 
presented  and  the  near-term  needs  in  the  computational 
structures  area  are  outlined. 

1  .  INTRODUCTION 

Five  generations  of  computers  are  generally  recognized, 
corresponding  to  a  rapid  change  in  the  hardware  building 
blocks  from  relays  and  vacuum  tubes  (1939- 1950s),  to 
discrete  diodes  and  transistors  (19S0s-1960$),  to  integrated 
circuits  (small  and  medium  scale  ICs)  (1960s-mid  1970s),  to 
large-  and  very-large-scale  integrated  devices  (mid  1970s- 
1990)  to  the  ultra-large-scale  integrated  devices  and 
powerful  microprocessors  (1990-present).  These 
generations  have  increased  the  speed  by  more  than  a  trillion 
times  during  the  last  Five  decades,  while  dramatically 
reducing  the  cost  (see  Ref.  1  and  Fig.  1).  A  new  generation 
of  computers  is  evolving  and  is  likely  to  be  available 
before  the  end  of  the  present  decade.  The  hardware  building 
blocks  for  the  new  generation  include  giga-scale  integrated 
devices,  new  transistor  taaterials  and  structures,  and  optical 
components.  Extensive  use  will  be  made  of  AI  technology. 
Novel  forms  of  machine  architecture  (e.g.,  new  forms  of 
scalable  parallel  architectures)  will  be  introduced  and  will 
result  in  a  dramatic  increase  in  computational  speed.  The 
new  century  will  undoubtedly  see  more  radical  changes  in 
both  computing  technology  and  computing  paradigm,  such 
as  heterogeneous  processing,  artificial  neural  network 
machines,  purely  optical  components,  and  virtual 
computing  on  reconfigurable  hardware.  Virtual  computing 
involves  the  analysis  of  an  algorithm  to  identify  its 
computationally  intensive  inner-loops  and  then 
implements  those  inner-loops  in  completely  reconfigurable 
hardware. 

The  opportunities  offered  by  the  new  and  projected 
computing  environment  for  structural  analysis  and  design 
are  enormous.  However,  in  order  to  realize  the  full  potential 
of  the  new  and  emerging  computing  systems,  the  strong 
interrelations  of  numerical  algorithms  and  software  with  the 
architecture  of  the  systems  must  be  understood,  and  special 
solution  methodologies  and  computational  strategies  must 
be  developed.  The  present  paper  summarizes  some  of  the 
recent  developments  in  computing  systems  during  the 
recent  past  and  near-term  future;  and  relates  these 


developments  to  structural  analysis  and  design. 

A  number  of  previous  attempts  have  been  made  to  predict 
the  characteristics  of  structural  analysis  software  systems, 
and  the  impact  of  advances  in  computing  systems  on  the 
structures  technology.  The  discussion  presented  herein  is 
an  extension  and  an  update  of  that  in  Ref.  2. 

2  .  BRIEF  REVIEW  OF  CURRENT  AND 

PROJECTED  ADVANCES  IN  COMPUTER 
HARDWARE  AND  NETWORKING 
TECHNOLOGY 

The  major  developments  in  computer  technology  have 
been,  and  continue  to  be,  focused  on  improvements  of  cost, 
size,  power  consumption,  speed,  and  reliability  of  electrical 
components.  The  next  generation  of  computers  will  be 
impacted  by  the  developments  in  three  basic  areas;  namely, 
hardware  components,  artificial  intelligence,  and  computer 
architecture  and  system  design  methods.  The  major 
advances  in  hardware  components  are  briefly  reviewed  in 
this  section,  and  some  of  the  new  computing  systems  are 
described  in  the  succeeding  sections.  The  survey  given  here 
is  by  no  means  complete  or  exhaustive;  the  intention  is  to 
concentrate  primarily  on  those  developments  which  have 
had,  or  promise  to  have,  the  greatest  impact  on  structural 
analysis  and  design.  Discussion  is  focused  on 
microelectronics  and  semiconductor  technology;  memory 
systems;  secondary  storage  devices;  user-interface 
facilities;  and  networking. 

2 . 1  Microelectronics  and  Semiconductor 
T  echnology 

The  most  notable  advances  in  hardware  components  in  the 
last  three  decades  have  occuned  as  a  result  of  developments 
in  microelectronics.  Instead  of  connecting  discrete 
components  together  by  wires  to  produce  a  circuit, 
complete  circuit  patterns,  components,  and 
interconnections  are  placed  on  a  small  chip  of 
semiconductor  material.  The  predominant  semiconductor 
material  in  use  to  date  is  silicon.  Better  understanding  of 
this  material  as  well  as  better  processing,  tooling  and 
packaging  techniques  enabled  the  design  of  fast,  dense 
circuitry.  The  traditional  technology  used  for  high 
performance  logic  has  been  Emitter -Coupled  Logic  (ECL), 
which  is  the  fastest  of  the  silicon  logic  technologies,  and 
continues  to  be  used  in  most  supercomputers.  The 
Complementary  Metal-Oxide  Semiconductor  (CMOS), 
despite  its  slower  speed,  has  low  power  and  high 
component  density.  Therefore,  more  gates  per  chip  and 
fewer  chips  are  us^  for  each  logic  function  than  for  ECL. 

The  principal  advantages  of  microelectronic  circuits  are 
their  reliability,  low  cost,  and  low  power  consumption. 
The  ever-increasing  number  of  devices  packaged  on  a  chip 
has  given  rise  to  the  acronyms  SSI,  MSI,  LSI,  VLSI,  ULSI, 
and  GSI,  which  stand  for  small-scale,  medium-scale,  large- 
scale,  very  large-scale,  ultra  large-scale,  and  giga-scale 
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integration,  respectively.  Since  1960  the  number  of 
components  on  a  chip  has  increased  continuously.  For  the 
case  when  no  differentiation  can  be  made  between  logic  and 
memory,  the  progression  of  development  is  shown  in  Fig. 
2.  The  density  of  logic  chips  is  projected  to  grow  at  a 
slower  rate  than  the  density  of  memory  chips  (a  factor  of 
seven  in  five  years  for  logic  chips,  compared  to  a  factor  of 
ten  in  five  years  for  memory  chips),  h  is  anticipated  that 
by  the  year  2000  the  number  of  components  per  chip  will 
reach  one  billion  (GSI)  -  see  Ref.  3.  The  full  range  of 
hardware  components  (computer  building  blocks)  are  now 
available  on  microelectronic  chips;  these  include  memory 
units,  addressing  units  (i.e.,  counters  and  decoders), 
complete  central  processing  units  (CPUs)  called 
microprocessors,  and  even  complete  microcomputers 
(which  include  the  CPU,  memory,  and  input/output 
functions  all  residing  on  a  single  chip).  The  net 

effect  of  the  aforementioned  developments  has  been  a 
sustained  reduction  in  the  cost  of  computing. 

Current  research  is  directed  towards;  a)  shrinking  of 
conductor  and  device  dimensions  (scaling)  to  quarter  and 
subquarter  micron  (<  0.25  x  10~^  m);  and  b)  increasing  the 
speed  of  logic  circuits,  to  achieve  a  machine  cycle  time  of 
the  order  of  0.5  nsec  (0.5  x  10"^  sec). 

The  first  objective  (miniaturization  of  electronic 
components)  can  be  accomplished  by  using  recent  and 
improved  lithography  tools  for  etching  element  patterns  on 
a  chip  (including  optical,  electron  beams,  ultraviolet  (UV) 
optics,  direct-wire  electron  beam.  X-ray,  and  ion-beam 
techniques)  as  well  as  novel  processing  technology  and 
fabrication  techniques.  The  improved  tools  also  enable 
more  devices  to  be  manufactured  on  a  given  wafer  size  which 
can  increase  the  circuit's  operating  speed  and  reduce  the 
cost  The  use  of  atomic  or  subatomic  scale  devices  is  also 
being  explored. 

Three  candidate  technologies  are  likely  to  achieve  the 
second  objective  of  ultrafast  logic  circuits.  These 
technologies  are  based  on  using:  a)  new  material  systems 
such  as  gallium  arsenide  (GaAs),  a  component 
semiconductor  material,  super-conducting  materials  which 
do  not  require  liquid  helium  temperatures  (e.g.,  copper 
oxides)  and  diamond;  b)  multichip  modules  (MCM),  in 
which  unpackaged  integrated  circuits  are  mounted  on  a 
substrate  and  comiected  with  very  Fine  wires  in  order  to  get 
as  many  chips  as  possible  on  one  module.  The  ratio  of  the 
semiconductor  material  (e.g.,  silicon  or  GaAs)  to  the 
integration  substrate  is  usually  about  50  percent.  MCM  in 
addition  to  increasing  the  integrated  circuit  densities, 
speed,  and  reliability,  reduces  their  size  and  weight  (sec  Ref. 
4);  c)  new  transistor  structures  such  as  the  quantum -coupled 
devices  using  hetero-junction-based  super  lattices;  and  d) 
integrated  optical  circuits. 

2.2  Memory  Systems 

Memory  is  the  most  rapidly  advancing  technology  in 
microelectronics.  Recent  progress  includes  development  of 
an  entire  hierarchy  of  addressable  memories,  and  of  high¬ 
speed,  random-access  memory  chips  with  many  bits  of  data. 
Each  level  in  the  hierarchy  represents  an  order -of-magnitude 
decrease  in  access  speed,  and  several  orders-of-magnitude 
increase  in  capacity,  for  the  same  cost  (see  Ref.  5  and  Fig. 
3).  The  techniques  of  splitting  and  interleaving  among 
various  types  of  memory  hierarchies  in  individual  systems 
have  changed  some  of  the  basic  concepts  of  computing 
itself.  Instead  of  just  a  few  registers  in  the  CPU  and  a 
single-level  memory,  a  typical  machine  may  now  have; 

a.  a  number  of  high-speed,  general-purpose  registers 
(in  the  CPU) 


b.  a  cache  memory  (or  uistruction  buffers)  for  very 
rapid  access  to  small  amounts  of  data  (or 
instructions) 

c.  standard  main  (central  or  equivalent)  memory 

d.  extended  memory,  directly  addressable,  but  at  a 
lower  speed  (solid  static  disks,  magnetic  disks  and 
tapes,  optical  disks) 

e.  hardware-implemented  virtual  memory,  extending 
the  amount  of  addressable  space,  with  the  help  of  an 
auxiliary  (backup)  memory  such  as  disk  arrays. 

There  are  several  types  of  semiconductor  memories.  These 
include  random-access  and  read-only  memories.  In  random- 
access  memory  (RAM),  data  can  be  written  into,  or  read  of, 
any  storage  location  without  regard  to  its  physical  location 
relative  to  other  storage  locations.  Read-only  memory 
(ROM)  contains  a  permanent  data  pattern  stored  during  the 
manufacture  of  the  semiconductor  chip  in  the  form  of 
transistors  at  each  storage  location  that  are  either  operable 
or  inoperable.  RAM  can  be  either  static  or  dynamic. 
Dynamic  RAM  (DRAM)  requires  constant  refreshing  to 
maintain  its  data,  while  static  RAM  (SRAM)  does  not. 
However,  advances  in  DRAM  permit  double  the  amount  of 
RAM  at  about  the  same  cost  as  static  RAM.  so  DRAM  is 
used  more  frequently.  The  trends  in  the  DRAM  and  SRAM 
chip  capacity  are  depicted  in  Fig.  4.  As  can  be  seen  from 
Fig.  4,  the  DRAM  chips  are  typically  one  generation  ahead 
of  the  SRAM  chips.  More  recently,  large  capacity  DRAM 
chips  with  cache  subsystems  (CDRAM)  have  been 
developed. 

Other  types  of  memory  include  sequential  access  memories 
(SAMs)  and  direct-access  storage  devices  (DASDs).  In  SAM 
information  is  accessed  serially  or  sequentially.  Examples 
of  SAMs  are  provided  by  shift-register  memories,  charged 
coupled  devices  (CCDs),  and  magnetic  bubble  memories 
(MBMs).  DADs  are  rotational  devices  made  of  magnetic 
materials  where  any  block  of  information  can  be  accessed 
directly. 

2.3  Secondary  Storage  Devices 
Magnetic  devices  are  widely  used  for  data  storage  because 
they  offer  much  greater  memory  capacity  at  a  lower  cost  per 
bit  of  data  stored  than  semiconductor  devices.  As  the 
computational  speeds  increase,  the  computers  are  able  to 
utilize  and  produce  growing  amounts  of  data  in  a  given 
period  of  time.  This,  in  turn,  requires  an  increase  in  the 
capacity  of  the  storage  devices  from  which  (or  into  which) 
data  are  drawn  (or  loaded). 

Significant  improvements  have  been  made  in  magnetic 
storage  devices  in  the  past  two  decades.  These  include  the 
introduction  of  the  solid-state  storage  devices  (SSD),  which 
are  fast  random-access  devices  used  to  hold  pre-staged  data 
or  intermediate  results  which  are  manipulated  repetitively, 
large  disk  arrays  and  mass  robotic  media.  The  SSD  offer 
significant  potential  for  performance  improvement  of  more 
than  one  order  of  magnitude  on  Input/Output-bound 
applications,  and  thus  allow  users  to  develop  new 
algorithms  that  would  not  be  practical  with  traditional  disk 
input/output. 

The  storage  density  of  magnetic  disks  has  increased  from 
2(X),000  bit  per  square  inch  in  1967  to  its  current  value  of 
over  20  million  bits  per  square  inch.  Continuation  of  this 
trend  is  likely  to  yield  storage  densities  of  the  order  of  300 
million  bytes  per  cubic  inch  within  a  decade.  Optical 
storage  media,  such  as  compact  disks,  can  provide  from  5  to 
7  times  the  density  of  information  that  magnetic  devices 
can  achieve  (see  Ref.  6). 
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2 . 4  User  Interface  Hardware  and  Software 
Great  efforts  are  now  aimed  at  improving  the  productivity  of 
the  analyst  and  designer  by  developing  intelligent  software 
and  hardware  interfaces.  More  structural  analysis  and  design 
software  are  becoming  turnkey  systems  with  defaults  built 
in,  and  with  simple  menu  options.  Current  user-interface 
software  includes  DOS,  OS/2,  Unix-based  systems,  and 
Windows  NT.  Current  menu  options  are  multiwindowed 
(one  window  for  each  task)  and  are  controlled  by  lightpen, 
touchscreen,  or  mouse  (which  are  advanced  user-friendly 
capabilities  for  accessing  the  system).  The  discrete  model 
can  be  generated  by  using  either  one  of  the  geometric 
modeling  software  packages  or  a  CAD  system. 

Multimedia  workstations  and  virtual  reality  facilities  that 
embrace  all  forms  of  human  communication  and  provide 
elaborate  graphics,  video,  animation  and  visualization 
capabilities  have  been  developed.  Current  interactive 
multimedia  systems  contain  a  compact-disc  ROM  (CD- 
ROM)  which  supplies  text,  graphics,  or  still  images  of 
videocassette  quality,  plus  a  voice-over,  for  the  user  to 
browse  through  interactively  choosing  different  paths  and 
viewpoints.  Full-motion  color  video  of  television  quality 
with  CD  audio,  plus  text  and  graphics  is  available  in  high- 
level  multimedia  systems  (see  Ref.  7).  Virtual  reality 
provides  mullisensory  experience  -  through  dimensional 
sight  and  sound,  touch,  forced  feedback  or  forced  resistance, 
and  motion.  Special  hardware  devices  are  used  which 
include  data  gloves,  joysticks,  helmet-mounted  displays, 
goggles,  earphones  and  body  suits  to  get  the  necessary 
sensing  feedback  to  experience  the  computer  world  (see  Ref. 
8).  The  devices  are  connected  to  graphics  workstations. 

Future  multimedia,  and  virtual  reality  facilities  will  provide 
the  user  with  the  freedom  to  choose  from  a  variety  of 
communication  modes  (e.g.,  voice,  electronic  pad  that 
responds  to  handwriting,  sensors  that  track  the  eye 
movement,  and  a  glove  that  enables  the  wearer  to 
manipulate  objects  on  the  screen).  They  will  incorporate 
HD  technologies  and  sonification  facilities  for  mapping  of 
data  to  a  sound  domain. 

2.5  Distributed  Computing  and  Networking 
High-performance  engineering  systems  require  strong 
collaborative  analysis  and  design  efforts,  involving  several 
engineers  and  machines.  In  support  of  collaborative 
computing,  layers  of  communication  lines  and  devices  are 
used.  These  layers  include  local-area  networks  (LAN); 
backbone  networks  connecting  supersystems,  mass 
storage,  and  general-purpose  mainframes;  and  wide  area 
networks  (WAN)  connecting  geographically  remote 
computers  and  terminals. 

Local-area  networks  are  designed  to  facilitate  the 
interconnection  of  a  variety  of  computer-based  equipment 
(including  personal  computers,  workstations,  and 
superservers)  within  a  small  area.  They  have  high 
transmission  rates  (of  the  order  of  10  Mbits/sec),  and  allow 
different  workstations  to  share  expensive  equipment  and 
facilities.  Examples  of  LAN  are  provided  by  Ethernet, 
Arcnet  and  token-ring  network.  Also,  fiber  distributed  data 
interface  (FDDI)  and  high-performance  parallel  interface 
(HiPPI)  facilities  have  been  developed,  with  transmission 
rates  of  100  Mbits/sec,  and  800  Mbits/sec  to  1  Gbit/sec., 
respectively. 

Backbone  networks  can  provide  a  communication  service 
between  several  local-area  networks,  as  well  as  between 
different  supersystems  in  a  large  industrial  complex,  or  a 
university  campus.  Their  transmission  rate  is  of  the  order 
of  SO  Mbits/sec.  An  example  of  backbone  networks  is  the 
HYER  channel  of  Network  Systems  Corporation. 


The  first  remote  (or  wide-area)  network  (WAN),  the 
ARPANET  (Advanced  Research  Projects  Area  Network),  was 
built  in  1969.  It  demonstrated  the  feasibility  and 
practicality  of  distributed  computing,  as  well  as  of 
communication  technology  based  on  packet  switching.  A 
number  of  government-supported  and  commercial  packet 
networks  are  now  available.  Examples  of  the  first  are 
NASNET  of  NASA.  NSFNET  Tl,  of  the  National  Science 
Foundation.  The  latter  was  upgraded  to  the  current  NSFNET 
T3.  with  a  transmission  rate  of  45  Mb/sec.  Commercial 
networks  include  TELENET,  BITNET  and  TYMNET. 
Moreover,  the  coupling  of  digital  networking  with  the 
existing  telephone  and  Digital  Private  Branch  Exchange 
(PBX)  systems  into  Integrated-Services  Digital  Networks 
(ISDNs)  provided  access  to  a  wide  range  of  data  and  central 
computers  via  desktop  workstations  (Ref.  9).  Cmrent  work 
is  directed  towards  increasing  the  transmission  rates  of 
local-area,  backbone  and  wide-area  networks  (see  Ref.  10). 
Within  the  next  few  years  transmission  rales  of  the  order  of 
Gbil/sec  will  be  available,  through  the  National  Research 
and  Educational  Network  (NREN)  -  see  Fig.  5,  which  is  one 
of  the  major  components  of  the  high-performance 
computing  and  communications  initiative  in  the  U.S.  (Refs. 
11  and  12). 

Future  directions  include  development  of  cell  switching 
technology  for  switched,  bandwidth  on-demand  high-speed 
networks  (asynchronous  transfer  mode  -  ATM  -  see  Ref.  13), 
and  networking  technology  to  support  portable  computing 
and  communications.  The  cellular  phone  is  likely  to  evolve 
into  a  portable  voice  and  data  machine  that  supports  mobile 
communications.ATM  has  the  potential  of  multiplying  the 
network  capacity  by  thousands  and  carrying  mixed  data, 
voice,  text,  image  and  video  trafne  simultaneously  over  one 
network.  Because  ATM  is  protocol  independent,  it  can 
integrate  different  LANs  and  WANs. 

3.  CLASSIFICATIONS  AND  PERFORMANCE 

EVALUATION  OF  NEW  COMPUTING 

SYSTEMS 

Because  of  the  rapid  progress  made  in  recent  years  in 
component  technology,  a  number  of  novel  forms  of 
computer  architectures  have  emerged.  Some  of  the  new 
architectures  are  commercially  available;  others  are  still 
research  tools  aimed  at  achieving  high-performance  and/or 
low-cost  computations.  In  this  section  the  classifications 
and  performance  evaluation  of  different  machines  is 
discussed,  and  in  the  succeeding  sections,  the  major  features 
of  the  new  and  emerging  high-performance  machines 
(supersystems)  and  small  systems  are  described. 

3.1  Classifications  of  Computing  Systems 
In  an  effort  to  identify  and  clarify  the  differences  between 
the  different  machines,  a  number  of  classifications  and 
taxonomies  have  been  proposed.  One  of  the  earliest  and 
most  commonly-used  classifications  is  that  introduced  by 
Flynn  (Ref.  14)  which  is  based  on  the  concurrency  in 
instruction  control  and  concurrency  in  execution.  A  stream 
is  defined  as  a  sequence  of  items  (instructions  or  data)  as 
executed  or  operated  on  by  a  processor. 

Four  broad  classes  can  be  identified  according  to  whether 
the  instruction  or  data  streams  are  single  or  multiple  (see 
Fig.  6). 

a.  Single-lnstructioH-Stream,  Single-Daia-Stream 
(SISD)  Machines.  These  machines  include  the 
conventional  serial  computers  which  execute 
instructions  sequentially,  one  at  a  time. 

b.  Single-Instruction-Stream,  Multiple-Data-Stream 
(SIMD)  Machines.  These  are  vector  cominiters  that 
have  a  single  control  unit,  a  collection  of  identical 
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processors  (or  processing  elements),  a  memory  or 
memories,  and  an  interconnection  network  which 
allows  processors  to  exchange  data.  During 
execution  of  a  program  the  control  unit  fetches  and 
decodes  the  instructions  and  then  broadcasts 
control  to  the  processing  elements.  Each  processor 
performs  the  same  instruction  sequences,  but  uses 
different  data.  These  operations  are  usually  referred 
to  as  lock-step  operations. 

c.  MultipU-lnstruction-Stream,  Single-Data-Slream 
(MISD)  Machines.  In  these  machines  the  same  data 
stream  flows  through  a  linear  array  of  processors 
executing  different  instruction  streams.  This 
architecture  is  also  known  as  systolic  arrays  for 
pipelined  execution  of  specific  algorithms. 

d.  MuUipU-lnstruction-Stream,  Multiple-Data-Stream 
(MIMD)  Machines.  These  are  parallel  computers 
which  contain  a  number  of  interconnected 
processors,  each  of  which  is  programmable  and  can 
execute  its  own  instructions.  The  instructions  for 
each  processor  can  be  the  same  or  different.  The 
processors  operate  on  a  shared  memory  (or 
memories),  generally  in  an  asynchronous  manner. 

MIMD  machines  can  generally  be  divided,  according  to  the 
level  of  interaction  between  processors  and  their  physical 
location,  into  shared-memory  multiprocessors  and 
message-passing  multicomputers  (see  Fig.  6).  The  major 
distinction  between  multiprocessors  and  multicomputers 
lies  in  memory  sharing  and  the  mechanisms  us^  for 
interprocessor  communication.  In  a  multiprocessor 
system,  the  processors  communicate  with  each  other 
through  shared  variables  in  a  common  memory.  In  a 
multicomputer  system,  each  computer  node  has  a  local 
memory,  unshared  with  other  nodes.  Interprocessor 
communication  is  done  through  message  passing  among 
the  nodes. 

Examples  of  computing  systems  which  belong  to  each  of 
the  classes  are  given  in  Fig.  6.  Also,  block  diagrams  of  the 
SISD,  SIMD,  MISD,  and  MIMD  machines  are  shown  in  Fig. 
7.  The  architectural  evolution  of  computing  systems  from 
sequential  scalar  processors  to  vector  processors  and 
parallel  computers  is  shown  in  Fig.  8.  The  trend  has  been 
to  build  more  hardware  and  software  functions  into  the 
system.  The  skewed  tree  demonstrates  that  most  of  current 
high-performance  computers  are  designed  with  look-ahead 
techniques,  functional  parallelism,  pipelining  at  various 
levels,  using  explicit  vectors,  and  exploiting  parallel 
processors  in  SIMD  or  MIMD  mode.  Note  that  some  of  the 
SISD  machines  have  parallel  processing  mechanisms  (due 
to  the  {nesence  of  multiple  functional  units  and/or  facilities 
for  overlapping  computations  and  I/O);  however,  the 
parallel  processing  is  embedded  in  the  hardware  below  the 
instruction  level,  and  the  appearance  of  sequential 
execution  of  instructions  is  preserved. 

3.2  Performance  Evaluation  of  Computing 
Systems 

a.  Peak  Versus  Sustained  PerformatKe  of  Machines.  The 
performance  of  sequential  computers  is  usually 
measured  by;  (1)  the  peak  computational  speed 
measured  in  millions  (or  billions)  of  floating-point 
operations  per  second  (MFLOPS  or  GFLOPS);  (2)  the 
peak  execution  rate  of  arithmetic,  logic,  and  program 
control  instructions,  measured  in  millions  (or 
billioiu)  of  instructions  per  second  (MIPS  or  GIPS); 
and  (3)  the  peak  rate  of  knowledge  processing  in 
millions  (or  billions)  of  logical  inferences  per  second 
(MLIPS  or  GUPS).  In  the  case  of  SIMD  and  MIMD 
machines,  the  peak  computational  speeds  in  terms  of 
millions  (or  billions)  of  floating-point  operations 


per  second  can  be  estimated.  However,  the  sustained 
computational  performance  in  these  machines  is 
difficult  to  estimate  since  it  varies  with  the  level  of 
parallelism  achieved,  and  the  overhead  incurred  in 
exploiting  the  parallelism  in  the  particular 
application  (Ref.  S).  These,  in  turn,  are  functions  of 
the  formulation  used,  the  numerical  algorithm 
selected,  the  computer  implementation,  the  compiler 
and  the  operating  system  used,  as  well  as  the 
architecture  of  the  hardware.  For  vector 
multiprocessors  the  peak  performance  can  be 
estimated  as  the  sum  of  the  vector  performance  of  all 
the  processors,  and  the  lowest  performance  is  that  of  a 
single-scalar  processor.  A  widely  used  approach  for 
estimating  the  sustained  performance  of  a  machine  is 
benchmarking  -  running  a  set  of  well-known 
application  programs  on  the  machine.  A  number  of 
general  benchmarks  have  been  proposed  over  the  past 
decade.  These  include  the  Livermore  Fortran  Kernels, 
NAS  Kernels,  the  Linpack  benchmark,  the  Perfect 
benchmarks.  Whetstone  benchmarks  and  the 
SLALOM  benchmarks.  A  description  of  some  of  these 
benchmarks  is  given  in  Refs.  S  and  IS  to  18.  At  the 
present,  no  generally-accepted  benchmark  strategy  is 
available  for  assessing  the  performance  of  SIMD  and 
MIMD  machines.  A  discussion  of  the  effectiveness 
and  pitfalls  of  benchmarking  is  given  in  Ref.  19,  20 
and  21.  Figure  9  shows  the  sustained  performance  in 
GFLOPS  of  a  number  of  computers  based  on  using 
Linpack  for  solving  1000  dense  equations  (see  Ref. 
18). 

A  number  of  speedup  models  have  been  proposed  in 
recent  years.  These  include  models  based  on  Amdahl's 
law,  Gustafson's  scaled  speedup  and  the  memory- 
bounded  speedup  of  Sun  and  Nai.  The  first  model  is 
described  subsequently.  The  latter  two  models  are 
described  in  Ref.  S. 

b.  Amdahl's  Law.  In  1967,  Amdahl  made  the 
observation  which  has  come  to  be  widely  known  as 
Amdahl's  Law  (Ref.  22):  If  a  computer  has  two  modes 
of  operation  -  one  high  speed  and  the  other  low  speed 
-  then  the  overall  performance  will  be  dominated  by 
the  low-speed  mode.  Amdahl's  Law  is  fundamental  to 
the  understanding  of  computer  performance.  It  shows 
that  a  bottleneck  in  a  computing  system  is  associated 
with  a  small  execution  rate  (low-speed  mode  of 
operation)  which  is  out  of  balance  with  the  rest  of  the 
execution  rates  (high-speed  modes  of  operation).  In 
such  a  computing  system,  increasing  the  execution 
rales  for  the  high-speed  modes  of  operation  may  yield 
only  a  small  increase  in  performance  unless  the 
fraction  of  computation  performed  in  the  low-speed 
mode  is  essentially  zero.  This  explains  why  vector 
computers  with  low-scalar  speeds  have  not  been 
successful.  A  discussion  of  the  application  of 
Amdahl's  Law  lo  massively  parallel  processors  is 
given  in  Ref.  5  and  23. 

One  of  the  major  shortcomings  in  applying  Amdahl's 
law  is  that  the  problem  cannot  scale  to  match  the 
available  computing  power  as  the  machine  size  (e.g., 
number  of  processors  in  a  parallel  computer) 
increases.  Gustafson  (Ref.  17)  proposed  a  fixed-time 
concept  which  leads  to  a  scaled  sp^up  model.  This 
concept  is  based  on  the  assumption  that  as  the 
machine  size  (or  number  of  processors)  increases,  the 
size  of  the  computational  model  is  increased  to 
increase  the  accuracy  of  the  numerical  simulations. 


4  .  MAJOR  FEATURES  OF  NEW  COMPUTING 
SYSTEMS 

New  computing  systems  cover  a  broad  spectrum  of 
machines  ranging  ftom  the  large  supersystems  to  the  smalt 
portable,  embedded  computers,  and  microprocessors.  A 
description  of  some  of  these  machines  is  given  in  Refs.  S 
and  24.  Herein,  a  brief  discussion  is  given  of  the  major 
features  of  new  computing  systems  that  are  likely  to  have 
the  strongest  impact  on  structural  analysis  and  design. 

Most  of  the  new  and  emerging  machines  achieve  high 
performance  through  concurrent  activities  in  the  computer 
(or  the  network  of  computers).  The  exploitation  of  these 
concurrent  events  in  the  computing  process  is  usually 
referred  to  as  parallel  processing.  When  parallel  processing 
is  done  on  physically  dispersed  and  loosely  coupled 
computer  networks,  it  is  usually  refened  to  as  distributed 
processing.  The  concurrency  is  used  not  to  speed  up  the 
execution  of  individual  jobs,  but  to  increase  the  global 
throughout  of  the  whole  system. 

Parallel  processing  can  be  applied  at  four  distinct  levels, 
namely;  job  level,  program  level,  inter-instruction  level, 
and  intra-instruction  level  (Refs.  25  and  26).  The  hardware 
and  software  means  to  achieve  parallelism  in  each  case  are 
outlined  in  Table  1.  The  hardware  role  increases  as  the 
parallel  processing  goes  from  high  (job)  level  to  low  (intra- 
instruction)  level.  Oi  the  other  hand,  the  role  of  software 
implementations  increases  from  low  to  high  levels. 

4,1  Supersystems 

Supersystems  are  a  class  of  general-purpose  computers 
designed  for  extremely  high-performance  throughput. 
Although  there  is  no  universally  accepted  definition  or 
classification  of  supersystems,  the  following  ihree  classes 
of  supersystems  can  be  identified  (based  on  the 
performance,  memory  system  used,  and  cost): 

a.  large  supersystems 

b .  near  supers 

c.  superservers 

The  current  price  ranges  for  the  three  classes  in  U.  S.  dollars 
are;  over  SIOM;  $2M  to  $5M;  and  less  than  52M, 
respectively. 

Current  and  emerging  large  supersystems  have  the 
following  four  major  characteristics:  a)  high  computational 
speeds  (maximum  speeds  of  the  order  of  10  GFLOP  or  more); 
b)  high  execution  rates  (of  the  order  of  10  GIP  or  more);  c) 
large  main  (or  central)  memory  (with  a  capacity  of  1  GByte 
or  more);  and  d)  fast  and  large  secondary  memory  (or  storage 
devices)  with  a  sophisticated  memory  management  system. 

The  development  of  large  supersystems  now  spans  four 
generations.  The  first  generation  included  the  array  of 
processors  ILLIAC  IV  (SIMD  machine);  and  the  pipeline  (or 
vector)  computers  CDC  STAR-100,  and  Texas  Instruments 
Advanced  Scientific  Computer  (ASC).  The  second 
generation  supersystems  included  the  CRAY-1,  which 
featured  the  pipelined  vector  instructions  introduced  in  the 
first  generation  machines,  but  carried  out  in  a  clever 
register-to-register  mode.  They  also  included  the  CDC 
CYBER  203  (an  enhanced  successor  of  STAR-100,  sporting 
a  faster  scalar  unit).  Most  of  the  third-generation  large 
supersystems  used  a  hybrid  combination  of  pipeline  and 
array  processors  to  achieve  high  performance.  Examples  of 
these  machines  are:  the  CDC  CYBER  205,  the  CRAY  X- 
MP,  CRAY-2,  CRAY  YMP,  ETA-10  and  the  Japanese 
machines  Fujitsu  VP-400,  Hitachi  S810/20  and  S820/80; 
and  NEC  SX2-400.  The  top  sustained  speed  of  the  third- 
generation  supersystems  is  of  the  order  of  500  M  FLOPS 
with  bursts  to  1.5  GFLOPS  (billions  of  floating  point 
operations  per  second). 


The  current  generation  of  supersystems  includes  both  the 
vector  multiprocessors  and  the  massively  parallel 
computers.  Examples  of  these  machines  are  the  CRAY 
C016  and  CRAY -3,  Thinking  Machines  Corporation  CM-5 
(with  1024  processors  expandable  to  16,384)  and  the 
CRAY  massively  parallel  computer  T3D  (with  up  to  2,048 
processors),  Intel  Paragon  XP-S,  the  Japanese  NEC  SX- 
3/44R,  Hitachi  S-3800/480  and  Fujitsu  VPP  500  computers. 
It  is  anticipated  that  the  computational  speeds  of  tJie  large 
supersystems  will  continue  to  increase,  and  will  reach  1 
TFLOP  (10^2  floating  point  operations  per  second)  before 
the  end  of  the  decade.  The  architectural  characteristics  of 
some  of  the  third  generation,  new  and  emerging  large  U.S. 
and  Japanese  supersystems  are  given  in  Refs.  3,  and  are 
summarized  in  Table  2. 

Near  supers  are  high-end  mainframes  with  peak 
computational  speeds  in  the  range  of  500  MFLOPS  to  1 
GFLOP;  execution  rates  of  the  order  of  500  MIPS-IGIP;  and 
less  sophisticated  memory  systems  than  those  of  the  large 
supersystems.  Examples  of  these  machines  are  the  MasPar 
MP-2  and  Convex  C3800. 

Superservers  are  multiprocessor  workstations  with  peak 
computational  speeds  in  the  range  of  100  MFLOPS  to  1 
GFLOP,  and  execution  rales  of  the  order  of  100  MIPS,  or 
more.  Examples  of  these  machines  are  Sun  SPARCcenter 
2000  multiprocessor  server,  and  SGI  Challenge. 

Supersystems  can  impact  structural  analysis  and  design 
in  a  number  of  ways  including: 

a.  Increasing  the  level  of  sophistication  in  modeling 
flight-vehicle  structures  to  new  levels  which  were 
not  possible  before.  Examples  are  provided  by 
reliability-based  (stochastic)  modeling  of 
engineering  systems  (to  account  for  probabilistic 
aspects  of  geometry,  boundary  conditions,  material 
properties  and  loading),  and  multidisciplinary 
analysis  and  design  of  suuclures. 

b.  Reducing  the  dependence  on  extensive  and 
expensive  testing.  This  is  particularly  important 
for  future  large  space  systems  (e.g.,  large  antennas, 
large  solar  arrays,  and  the  space  station)  where  the 
reliability  of  testing  in  1-G  environment  can  be,  at 
best,  questionable;  and, 

c.  Enhancing  the  physical  understanding  of  some 
aspects  of  the  r  ponse  of  engineering  systems 
which  are  difficult,  if  not  impossible,  to  obtain  by 
alternate  approaches.  An  example  of  this  is  the 
study  of  the  implications  of  various  microstructural 
mechanisms  of  damages  on  the  macroscopic 
response  of  the  structure. 

4.2  Parallel  Processing  Machines 
In  the  last  few  years  there  has  been  an  explosion  in  the 
number  of  parallel  processing  machines  developed.  The 
architectural  characteristics  of  some  of  these  machines  are 
given  in  Table  3.  Some  of  these  machines  belong  to  the 
class  of  supersystems  discussed  in  the  preceding 
subsection.  In  an  effort  to  identify  and  clarify  the 
differences  between  these  machines,  a  number  of 
classifications  and  taxonomies  have  been  proposed, 
including  Flynn's  classification  described  in  the  preceding 
subsection.  However,  Flynn's  classification  does  not 
adequately  describe  several  of  the  new  multiprocessor 
machine  architectures.  More  descriptive  classifications  of 
multiprocessor  systems  are  based  on  the  following 
characteristics  (see  Ref.  23):  processor  granularity  and 
type;  memory  organization,  cormection  topology  between 
processors  and  memory  systems;  reconfigurability  (to  meet 
the  performance  needs  in  more  than  one  environment); 
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control  mode  (control  How  versus  data  How);  scalability 
(e.g.,  possibility  of  achieving  a  proportional  increase  in 
performance  with  increasing  system  resources);  and 
homogeneity  or  nonhomogeneity  of  the  processors  (for 
example,  the  CRAY  C916  has  homogeneous  processors, 
but  a  combination  of  a  serial  computer  and  an  attached 
processor  can  be  viewed  as  a  heterogeneous 
multiprocessor).  Herein,  an  extension  of  Flynn's 
taxonomy,  proposed  in  Ref.  27,  is  described.  Also,  the 
classifications  based  on  the  first  three  characteristics, 
namely,  processor  granularity  and  speed;  memory 
organization;  and  cormection  topology,  are  discussed  (see 
Ref.  26). 

4.2.1  Extension  of  Flynn's  Taxonomy 

The  extended  taxonomy  uses  levels  of  concurrency  as  one 
principle,  and  instruction  types  as  another.  Four  generic 
types  of  instructions  and  thiee  levels  of  control 
concurrency  are  included  in  the  taxonomy.  The  four  generic 
types  of  instruction  are:  scalar,  vector,  systolic  and  very- 
long  instruction  word  (VLIW).  They  are  distinguished  by 
the  number  of  operations  and  number  of  pairs  of  operands  as 
shown  in  Table  4. 

The  three  levels  of  control  concurrency  include  the  serial 
and  parallel  types  (with  single  and  multiple  instruction 
streams),  as  well  as  the  clustered  type  (with  several 
independent  sets  of  multiple  instruction  streams).  The  three 
levels  constitute  a  hierarchy,  with  parallel  control  being  a 
generalization  of  serial  control,  and  clustered  control  being 
a  generalization  of  parallel  control. 

The  extended  taxonomy  has  twelve  types  of  computer 
architecture.  Examples  of  some  of  these  types  are  given  in 
Table  5. 

4.2.2  Processor  Granularity  and  Speed 
Multiprocessor  systems  can  be  divided  into  three  groups: 

a.  Coarse-grain  machines  consisting  of  a  small 
number  of  very  powerful  processors  or  central 
processing  units  (CPUs)  linked  together.  Examples 
of  these  machines  are  CRAY  C916.  CRAY  3,  IBM 
ES/9000-711  VF.  IBM  9076  SPl  Scalable  Power 
Parallel  System  (with  8  to  64  processors). 

b.  Fine-grain  machines.  These  are  massively  parallel 
machines  which  combine  thousands  of  relatively 
weak  processors.  When  the  processors  work  in 
concert  they  can  form  very  powerful  computers. 
Examples  of  machines  with  synchronous 
processors  are  the  MasPar  MP-2,  with  up  to  16.384 
processors;  the  Connection  Machine  CM-5  of 
Thinking  Machine,  Inc.  with  up  to  16,384 
processors;  nCUBE  2(with  up  to  8,192  processors); 
and  Kendall  Square  KSRl  (with  up  to  1,088  nodes). 

c.  Medium-grain  machines.  These  fall  somewhere 
between  the  first  two  categories.  They  have  a 
moderate  number  (e.g.,  tens  or  hundreds)  of  low- 
cost  and  mid-range  processors.  Examples  are 
Alliant  CAMPUS/800.  BBN  Butterfly  TC  2000, 
Encore  Multimax  and  Sequent  Balance  8000. 

4.2.3  Memory  Organization 

One  of  the  most  important  classifications  of  multiprocessor 
systems  is  that  based  on  memory  organization.  According 
to  this  classification  there  are  shared-memory  machines, 
private  (or  semiprivatc)  memory  machines,  and  multilevel- 
memory  machines. 

Shared  (or  global)  memory.  This  is  a  single  monolithic 
main  memory  accessible  to  all  processors.  Examples  are 
provided  by  the  memories  of  the  CRAY  C916. 


Distributed  memory.  This  is  a  private  memory  coiuiected  to 
a  single  processor  and  requiring  communication  to  transfer 
information.  Examples  are  provided  by  the  memories  of  the 
Connection  Machine,  the  FPS  T-Series,  and  the  Intel  iPSC. 

Multilevel  (hierarchical)  memory  is  available  in  computer 
systems  such  as  the  ETA- 10  and  the  Myrias  4000. 

4.2.4  Connection  Topology 

Multiprocessor  systems  with  private  (or  semiprivate) 
memories  can  be  distinguished  by  the  inierconnection 
pattern  (or  topology)  between  processors,  memory  systems 
and  I/O  facilities.  The  topology  affects  the  class  of 
problems  which  can  be  efficiently  solved  on  the  machine. 
The  commonly-used  cormection  topologies  are; 

Bus  (or  ring)  type  connection.  The  various  processors, 
memory  systems,  and  I/O  facilities  reside  on  a  common 
communication  bus  or  set  of  buses.  Most  computers  of  this 
type  incorporate  global  (or  central)  memory,  shared  by  all 
processors,  and  accessed  via  the  communication  bus. 
Examples  of  machines  with  bus  connection  are  the  Encore 
Multimax,  FLEX/32,  and  EIxsi  6400  computers. 

Hypercube  or  n-cube  connection.  Each  processor  is  directly 
coimected  to  a  number  of  its  neighbors,  n.  The  number  of 
connections  per  processor  results  in  a  multidimensional 
cube  with  2-in.  nodes.  This  type  of  connection  is  usually 
used  with  distributed  memory  machines.  Examples  of 
machines  with  hypercube  cormection  are  the  Intel  iPSC  and 
the  FPS  T-Series. 

Switching  connection.  This  iT:cr‘".nisni  ir  based  on 
placing  a  switch  between  the  processors  and  memory 
banks,  thereby  removing  the  ownership  property  between 
processors  and  memory.  For  different  settings  of  the 
switch,  a  given  processor  will  be  coimected  to  different 
memory  banks. 

Although  most  of  the  cunenily  available  machines  for 
performing  parallel  computations  belong  to  either  SIMD  or 
MIMD  categories  of  Flyrm's  classification,  there  are  a 
number  of  variations.  Some  of  these  variations  are 
described  in  Refs.  5  and  28  to  32,  along  with  surveys  of  the 
current  and  emerging  parallel  systems.  Two  of  these 
concepts,  which  exploit  parallelism  in  ways  which  have 
promise  for  achieving  high  performance,  are  data-flow 
machines  and  systolic  array  architectures  (MISD  machines). 
The  two  concepts  are  described  subsequently. 

The  data  flow  concept  is  based  on  a  data-driven  mechanism 
which  allows  the  execution  of  any  instruction  to  be  driven 
by  data  (i.e.,  operand)  availability.  By  contrast, 
conventional  computers  are  based  on  a  control  flow 
mechanism  by  which  the  order  of  program  execution  is 
explicitly  stated  in  the  user  program.  Data  flow  computers 
emphasize  a  high  degree  of  parallelism  at  the  finite-grain 
instructional  level,  based  on  the  dependency  graph  of  a 
compulation.  The  algorithm  for  a  given  computation  is 
first  written  in  a  special  programming  language  designed 
for  data-flow  applications  (e.g.,  the  language  Id  developed 
at  the  Massachusetts  Institute  of  Technology).  A  compiler 
then  translates  the  program  into  a  data-flow  graph  (which 
corresponds  to  the  machine  language  for  data  flow 
architecture).  A  number  of  experimental  dataflow  computers 
have  been  built.  An  example  of  these  machines  is  the 
tagged-token  data  flow  computer  built  by  .Arvind  and  his 
associates  at  MIT. 

Systolic  architectures  follow  from  space  and  time 
representations  of  certain  numerical  algorithms  which  map 
directly  onto  geometrically  regular  VLSl/WSI  (Very  Large- 
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Scale  Integration/Wafer-Scale  Integration)  structures.  The 
term  systolic  array  comes  from  the  notion  of  data  pulsing 
through  the  processors  in  the  network  in  an  analogous 
manner  to  that  of  blood  pulsing  through  the  circulatory 
system  in  the  body  (see  Ref.  33).  In  its  purest  form  a 
systolic  system  consists  of  a  regular  array  of  processing 
elements  all  doing  the  same  calculation  and  passing  results 
onto  their  nearest  neighbors  every  cycle.  In  this  way  the 
array  as  a  whole  computes  some  recurrence  function.  The 
prime  features  which  make  this  style  attractive  are  the  short 
interconnections,  the  regularity  which  gives  a  high 
packing  density  and  simplifies  the  design,  and  the  high 
degree  of  parallelism  which,  when  combined  with  the  other 
features,  leads  to  high  performance  circuits.  Potential 
applications  of  systolic  arrays  in  finite  element 
applications  are  discussed  in  Refs.  34,  3S  and  36.  More 
advanced  concepts  of  systolic  arrays  and  systolic 
computing  are  described  in  Ref.  37. 

Parallel  jn'ocessing  systems  can  substantially  expedite  the 
multidisciplinary  design  process  of  structures  by  allowing 
the  designer  to  carry  out  various  analysis  and  design  tasks 
in  parallel.  The  tasks  can  belong  to  an  individual  discipline 
as  well  as  to  other  disciplines  (such  as  in  multidisciplinary 
optimization  problems). 

4.3  Microprocessors  and  Small  Systems 
A  broad  spectrum  of  low-cost  small  systems  exist  now, 
including  new  powerful  microprocessors,  transputers, 
embedded  computers,  palmtop  (handheld)  computers, 
notebook  and  subnoiebook  computers,  laptop  computers, 
desktop  computers,  and  engineering  workstations.  Several 
classifications  have  been  attempted  in  the  past  for  some  of 
these  systems  based  on  word  length  (8-bit,  16-bit,  32-bit 
and  64-bit  machines),  weight,  cost,  amount  of  directly 
addressable  memory,  and  computing  speed  (e.g.,  8.  16,  20, 
25.  66,  100-300  MHz  -  see,  for  example.  Ref.  38). 
However,  the  dramatic  increase  in  hardware  capabilities  of 
small  systems,  coupled  with  the  rapid  reduction  in  cost,  arc 
blurring  the  boundaries  between  these  systems,  and  making 
some  of  the  classifications  of  questionable  value  (Ref.  39). 
Partial  lists  of  portable,  laptop  computers,  engineering 
workstations,  and  some  of  their  characteristics  arc  given  in 
Refs.  40  and  41.  Herein  the  development  of 
microprocessors,  transputers,  and  engineering 
workstations  are  discussed. 

4.3.1  Microprocessors  and  Chip  Technology 
The  trend  of  ever-increasing  the  number  of  devices  packaged 
on  a  chip  has  resulted  in  the  miniaturization  and  increase  in 
speed  of  microprocessors.  The  new  powerful  chips  can  be 
used  as  monitoring  systems  (e.g.,  embedded  computers)  for 
the  detection,  recording  and  evaluation  of  stochastic 
damage,  thereby  increasing  the  mean  time  between 
inspection  for  structural  components. 

In  the  1970s  the  efforts  directed  towards  creating  machines 
with  very  fast  clock  cycle,  that  can  execute  instructions  at 
the  rate  of  one  per  cycle  (like  microprogrammed 
controllers),  resulted  in  the  development  of  Reduced 
Instruction-Set  Computing  (RISC)  processors.  These  are 
microprocessors  that  provide  high-speed  execution  of 
simple  instructions.  The  implementation  of  RISC 
architecture  began  at  IBM  in  the  mid  1970s.  RISC 
architecture  was  applied  to  special-purpose  processors  as 
well  as  to  general-purpose  computers.  The  basic  notion  of 
RISC  has  now  evolved  to  encompass  chips  in  which  the 
chip  areas  formerly  used  for  decoding  and  executing 
complex  instructions,  are  used  for  caching  instruciiuiis. 
RISC  chips  offer  the  following  advantages  over  the 
Complex  Instruction-Set  Computing  (CISC'  chips:  much 
smaller  size  chips,  more  throughput,  shorter  design  lime. 


better  support  for  high-level  languages,  and  the  ability  to 
emulate  other  instruction  sets. 

In  the  last  decade  a  new  type  of  powerful  VLSI  chip 
(superchip)  which  packs  RISC  and  a  limited  amount  of  RAM 
has  been  developed.  The  superchip  is  called  a  transputer, 
and  is  manufactured  by  Inmos,  Ltd.  of  Bristol,  England.  The 
tidiispuier  was  designed  from  the  outset  for  parallel  and 
distributed  processing.  The  transputer  has  hardware  support 
for  parallel  tasks,  including  local  (on-chip)  memory,  and 
four  high-speed  communication  links.  These  can  transfer 
data  at  the  rale  of  20  Mb  (Megabits)  per  second,  thereby 
enabling  the  transputer  to  be  intercormected  in  powerful 
arrays.  A  high-level  programming  language,  Occam,  has 
been  especially  developed  for  parallel  processing  on  the 
transputer.  Also,  other  languages  (e.g.,  Ada  Fortran. 
Pased,  C  and  C-i-t-)  are  available  for  use  on  the  transputer. 

A  range  of  transputer  boards  and  modules  now  exist  which 
can  be  plugged  into  conventional  and  desktop  computers  to 
speed  up  the  computations.  Also,  a  desktop  supercomputer 
with  many  transputers  has  been  developed  by  Meiko,  a 
company  in  Bristol,  England,  that  grew  out  of  Inmos. 
Transputer  networks,  formed  by  linking  together 
transputers  in  arrays,  pipelines,  rings  and  other  patterns, 
have  been  efficiently  used  in  a  wide  variety  of  applications 
including  solution  of  finite  element  equations  and  graphics 
processing.  To  date  the  latest  transputer,  the  T9000  is  a  32- 
bit  processor,  with  a  64-bit  floating-point  unit  and  16 
Kbytes  of  Cache  memory.  It  can  be  coimecled  to  external 
memory  of  up  to  4  Gbytes.  It  has  4  user  data  links  and  2 
control  links,  each  with  a  transmission  rate  of  100  Mbits 
per  sec.  per  direction  per  link.  The  clock  cycle  is  20ns, 
peak  execution  rate  is  200  MIPS  and  peak  computational 
speed  is  25  MFLOPS.  Current  RISC  processors,  such  as  the 
Intel  i860,  SPARC.  MIPS  R3000,  IBM  RS/6000  have  clock 
rates  ranging  from  20  to  120  MHz. 

A  special  class  of  RISC  processors  are  the  superscalar 
processors,  which  allow  multiple  instructions  to  be  issued 
simultaneously  during  each  cycle.  Thus  the  effective  cycles 
per  instruction  of  a  superscalar  processor  should  be  lower 
than  that  of  a  generic  scalar  RISC  processor. 

The  very  long  instruction  word  (VLIW)  architecture  uses 
even  more  functional  units  than  that  of  a  superscalar 
processor.  The  cycles  per  instruction  of  a  VLIW  processor 
can  be  further  lowered. 

Recently,  a  number  of  powerful  64-bit  RISC  chips  and 
processors  have  been  developed.  These  include  the  DEC 
21064  (ALPHA)  -  see  Fig.  10,  the  PA-RISC  7100,  the  Intel 
Pentium  and  the  SGl/MIPS  TFP  chips.  A  summary  of  the 
characteristics  of  these  chips  is  given  in  Table  6.  The 
powerful,  RISC-based  microprocessors  are  used  in  both  the 
high-performance  workstations,  and  in  the  massively 
parallel  computers  introduced  in  the  1990s  (see  Fig.  11). 

4.3.2  Small  Systems 

Significant  advances  have  been  made  in  portable  computers 
and  peripherals  (e.g.,  packet  modems  and  portable 
printers),  as  well  as  in  wireless  communication  for  mobile 
computing.  Examples  of  the  small  systems  recently 
developed  arc  the  personal  digital  assistants  (PDAs  Palmtop 
(handheld)  computer;  subnotebook  computers  weighing  4.5 
to  9  lbs.  and  having  20  to  32  Mbytes  of  RAM,  and  120  to 
210  Mbytes  of  hard  disk. 

4.3.3  Engineering  Workstations  and  Superservers  with 
Advanced  Visualisation  Capabilities 

Single-user  engineering  workstations  and  superservers 
using  VLSI  32-  and  64-bit  processor  chips,  and  having 


internal  griqihics  facilities,  and  over  1  Gbyte  of  addressable 
memory  have  been  developed.  Both  single  processor  and 
multiprocessor  systems  are  available.  Examples  of  single- 
processor  systems  are  the  HP  Apollo  9000  series  700,  the 
DEC  3000  model  500X  AXP,  and  the  IBM  RS6000  systems. 
Examples  of  the  multiprocessor  supeiservers  are  Sun 
SPARCcenter  2000  (2-20  processors)  and  SGI  Challenge 
Systems  (2-18  i^ocessors,  peak  computational  rate  of  S.4 
GFLOPS).  The  upper  end  of  the  advanced  workstations  are 
usually  referred  to  as  superservers  and  were  discussed  in  the 
preceding  section. 

S  .  ADVANCES  IN  PROGRAMMING 
ENVIRONMENT  AND  SOFTWARE 
TECHNOLOGY 

Although  considerable  effort  is  now  devoted  to  increasing 
the  productivity  of  the  analyst  and  designer  through  the 
development  of  powerful  programming  environment, 
software  and  programming  languages  remain  the  primary 
pacing  items  for  exploiting  the  potential  of  new  computing 
systems. 

5.1  Programming  Environment 

This  refers  to  the  anay  of  physical  and  logical  means  by 
which  the  analyst  transmits  instructions  to  the  machine.  It 
includes  the  user-interface  devices;  interactive 
programming  tools  (e.g.,  debuggers,  editors,  file- 
maintenance  utilities),  and  tools  for  automatic  (and 
semiautomatic)  mapping  of  numerical  algorithms  on 
different  machines. 

The  programming  environments  on  most  of  the  existing 
new  computing  systems  are  limited  to  a  standard  sequential 
language  compiler,  and  extensions  to  support  concurrency 
(viz.  vectorization  and  parallelization).  The  extensions  of 
currently  used  programming  languages  to  support 
concurrency  (Fortran,  C,  Lisp)  are  not  the  same  on  different 
machines.  A  description  of  some  of  the  work  on 
development  of  software  environment  is  given  in  Refs.  42 
to  45. 

Current  and  future  interface  devices  have  been  discussed  in  a 
previous  section.  Future  powerful  programming  languages 
should  enable  the  user  to  state  the  mathematical  and  logical 
formulation  of  the  problem  in  the  expectation  that  the 
language  can  fill  in  the  details.  These  languages  should  be 
architecture-independent  high-level  languages  to  allow  the 
portability  of  the  programs.  Extensive  work  is  currently 
being  done  to  develop  a  machine-independent  programming 
interface  for  parallel  machines  that  can  achieve  an 
efficiency  comparable  to  programs  hand  coded  in  languages 
that  reflect  the  specific  underlying  architectures. 

5.2  AI  Knowledge-Based  and  Expert  Systems 
Al-based  expert  systems,  incorporating  the  experience  and 
expertise  of  practitioners,  have  high  potential  for  the 
modeling,  analysis  and  design  of  structures.  These  systems 
can  aid  the  analyst  in  the  initial  selection  and  adaptive 
refinement  of  the  model,  as  well  as  in  the  selection  of  the 
appropriate  algorithm  used  in  the  analysis.  Expert  systems 
can  also  aid  the  designer  by  freeing  him  from  such  routine 
tasks  as  the  development  of  process  and  material 
specifications.  The  potentials  of  AJ  and  expert  systems  in 
computational  mechanics  is  described  in  Ref.  46,  and  a 
review  of  the  capabilities  of  some  of  the  currently  available 
expert  systems  and  their  limitations  are  given  in  Refs.  47 
and  48.  A  description  of  a  knowledge-based  system  used  as 
a  modeling  aid  for  aircraft  structures  is  given  in  Ref.  49. 
The  requirements,  design  and  implementation  of  an 
intelligent  interface  to  a  computational  fluid  dynamics  flow 
solver  is  discussed  in  Ref.  50. 


5 . 3  Large  Powerful  Data  Management  Systems 
and  Databases 

Future  engineering  software  systems  are  likely  to  have  the 
basic  analysis  software  (such  as  data  management,  control, 
etc.)  as  part  of  the  software  infrastructure  and  the  discipline 
specifics  (such  as  the  finite  element  properties  of  the 
structure)  as  part  of  application  software.  Conventional 
database  management  systems  (DBMs)  developed  in  the  last 
decade,  such  as  relational  database  management  system 
(RIM),  provided  multidisciplinary  coordination,  and  helped 
in  the  integration  of  structural  analysis  programs  into 
CAD/CAM  systems.  However,  these  conventional  DBMs 
do  not  meet  the  data  requirements  for  the  current  and 
emerging  engineering/design  environment  (see  Ref.  51). 
Among  the  different  advanced  data/process  modeling 
methodologies  which  have  high  potential  for 
multidisciplinary  analysis  and  design  applications  are:  the 
three-level  IDEF  methodology  developed  by  the  Air  Force's 
integrated  computer-aided  manufacturing  program  (see  Ref. 
52);  Nijssen's  information  analysis  method  based  on  a 
binary  relationship  model;  Entity  relationship  model;  and 
object-oriented  data  model.  A  description  of  these  models 
is  given  in  Ref.  51. 

6  .  ADVANCES  IN  NLMERICAL  ALGORITHMS 

AND  COMPUTATIONAL  STRATEGIES 
To  achieve  high  performance  from  any  computing  system, 
it  is  necessary  cither  to  tailor  the  computational  strategy 
and  numerical  algorithms  to  suit  the  architecture  of  the 
computer,  or  to  select  the  architecture  which  may 
effectively  map  the  computational  strategy  and  execute  the 
numerical  algorithm.  Extensive  work  has  been  devoted  to 
the  development  of  vectorized  and  parallel  numerical 
algorithms  for  new  computing  systems.  Review  of  some  of 
this  work  is  contained  in  a  number  of  monographs,  survey 
papers  and  conference  proceedings.  (See,  for  example, 
Refs.  53  to  57). 

In  this  section  a  brief  review  is  given  on  the  recent  progress 
made  in  special  parallel  numerical  algorithms  and 
computational  strategics  that  arc  influencing  structures 
calculations. 

6.1  Parallel  Numerical  Algorithms 
In  parallel  algorithms,  ii.depcndent  computations  are 
performed  in  parallel  (i.c.,  executed  concurrently).  To 
achieve  this  parallelism,  the  algorithm  is  divided  into  a 
collection  of  independent  tasks  (or  task  modules)  which  can 
be  executed  in  parallel  and  which  communicate  with  each 
other  during  the  execution  of  the  algorithms.  Parallel 
algorithms  can  be  characterized  by  the  following  three 
factors: 

a.  Maximum  amount  of  computation  performed  by  a 
typical  task  module  before  communication  with 
other  modules. 

b.  Intermodule  communication  topology,  which  is  the 
geometric  layout  of  the  network  of  task  modules. 

c.  Executive  control  to  schedule,  enforce  the 
interactions  among  the  different  task  modules  and 
ensure  the  correemess  of  the  parallel  algorithm. 

The  three  aforementioned  factors  have  been  used  in  Ref.  58 
as  a  basis  for  classifying  parallel  algorithms  on  the 
conceptual  level,  and  for  relating  each  parallel  algorithm  to 
the  parallel  (or  pipeline)  architecture  to  which  it  naturally 
corresponds. 

The  design  of  a  parallel  algorithm  must  deal  with  a  host  of 
complex  problems,  including  data  manipulation,  storage 
allocation,  memory  interference,  and  in  the  case  of  parallel 
processors,  interprocessor  communication.  In  general,  the 
parallel  numerical  algorithms  reported  in  the  literature  fall 


into  two  categories:  reformulation  (or  restructuring)  of 
serial  algorithms  into  concurrent  algorithms,  and 
algorithms  developed  especially  for  parallel  machines. 

Most  of  the  work  on  parallel  numerical  algorithms  belongs 
to  the  first  category,  i.e.,  decomposition  of  familiar  serial 
algorithms  into  concurrent  tasks.  Examples  are  matrix 
operations,  direct  and  iterative  methods  for  solution  of 
algebraic  equations,  and  eigenvalue  extraction  techniques 
(see,  for  example.  Refs.  S3,  SS  attd  S7). 

The  second  category  includes  the  algorithms  whose 
development  was  spurred  by  performance  criteria  for 
parallel  processing.  These  algorithms  have  been  referred  to 
as  uniquely  parallel  and  only  a  few  of  them  have  been 
reported  in  the  literature  (see  Ref.  39).  Examples  of 
uniquely  parallel  algorithms  are  provided  by  the  parallel 
superconvergent  multigrid  method  (Ref.  60)  and  the  fully 
parallel  algorithm  for  symmetric  eigenvalue  problem  (Ref 
61).  In  some  cases  the  performance  of  uniquely  parallel 
algorithms  is  superior  to  their  serial  counterparts. 

6.2  Construction  of  Parallel  Algorithms 
The  development  of  parallel  numerical  algorithms  generally 
follows  one  or  both  of  two  related  approaches:  reordering, 
and  divide  and  conquer.  Reordering  refers  to  restructuring 
the  computational  domain  and/or  the  sequence  of  operations 
in  order  to  allow  concurrent  computations.  For  example, 
the  order  in  which  the  nodes  of  a  Tinitc  cl  ment  grid  are 
processed,  and  the  assembly  strategy  (n  Je-by-node  or 
element-by-element  asscmbly)may  change  the  degree  of 
parallelism  that  can  be  achieved  in  the  solution  of  the 
resulting  algebraic  equations  (Ref.  62  and  63).  The 
performance  of  the  node-by-node  generation  and  assembly 
strategy  on  a  512  processor  Intel  Delta  and  a  CRAY  C916 
computer  is  shown  in  Fig.  14  for  a  Langley  Mach  2.4  High¬ 
speed  Civil  Transport  (HSCT)  model  (Ref.  63). 


and  programs  for  each  new  computer.  Also,  it  is 
not  desirable  to  achieve  portability  at  the  expense 
of  performance.  A  number  of  studies  have  been 
devoted  to  achieving  high  performance  and 
portability  of  numerical  algorithms  on  advanced 
computers.  Two  approaches  have  been  proposed  in 
Refs.  64  and  65:  1)  restructuring  of  algorithms  in 
terms  of  high-level  modules  (e.g..  matrix-matrix 
and  matrix-vector  operations);  and  2)  developing 
and  implementing  an  abstraction  of  parallel 
processing  that  is  independent  of  the  architecture, 
d.  On  most  of  the  currently-available  multiprocessing 
systems  vectorization  offers  greater  performance 
improvement  over  multitasking  (i.e., 
parallelization).  .  Consequently,  if  multitasking 
conflicts  with  efficient  vectorization  (e.g., 
multitasking  results  in  short  vector  lengths),  then 
the  algorithm  should  be  vectorized  rather  than 
parallelized. 

6.4  Performance  of  Parallel  Numerical 
Algorithms 

Computational  complexity  (e.g.,  number  of  floating-point 
arithmetic  operations)  has  long  been  used  as  a  measure  of 
the  performance  of  serial  algorithms  However,  it  is  not 
appropriate  measure  for  parallel  numerical  algorithms.  This 
is  because  parallel  computers  can  support  extra  computation 
at  no  extra  cost  if  the  computation  can  be  organized 
properly:  and  parallel  computers  are  subject  to  new 
overhead  costs  (e  g.,  synchronization  and  communication) 
that  are  not  reflected  by  computational  complexity. 

One  of  the  most  commonly-used  measures  for  the 
performance  of  parallel  numerical  algorithms  is  the 
speedup,  S,  which  is  defined  as  follows: 
j  _  execution  time  using  one  processor 
execution  time  using  p  processors 


The  divide  and  conquer  approach  involves  breaking  a  task 
up  into  smaller  sublasks  that  can  be  treated  independently. 
The  degree  of  independence  of  these  tasks  is  a  measure  of 
the  effectiveness  of  the  numerical  algorithm,  since  it 
determines  the  amount  and  frequency  of  communication  and 
synchronization.  This  idea  pervades  many  of  the  parallel 
algorithms  and  can  be  extended  to  the  overall 
computational  strategy  as  described  in  the  succeeding 
section. 

6.3  Comments  on  Parallel  Algorithms  and 
Their  Implementation 

The  following  comments  concerning  parallel  algorithms 
and  their  implementation  are  in  order: 

a.  Effective  parallel  algorithms  are  not  necessarily 
effective  on  sequential  computers.  In  fact,  some 
parallel  algorithms  involve  additional  (redundant) 
floating  point  operations  which  make  them 
inefficient  on  sequential  machines.  Also, 
restructured  serial  algorithms  may  not  be  the  most 
efficient  on  parallel  processing  machines. 

b.  The  mathematical  properties  of  the  serial  and 
parallel  implementations  of  the  same  algorithm  can 
be  different.  For  example,  the  rate  of  convergence 
and  numerical  stability  of  serial  and  parallel 
iterative  techniques  can  be  different.  In  some  cases 
parallel  implementation  can  degrade  the 
performance  and  in  other  cases,  it  improves  it  (Ref. 
59). 

c.  To  achieve  high  performance  both  the  numerical 
algorithm  and  its  implementation  must  be  carefully 
tailored  to  the  particular  machine  being  used.  This 
raises  the  question  of  portability  of  parallel 
programs.  It  is  not  practical  to  develop  algorithms 


The  measure  S  has  the  advantage  that  it  uses  the  execution 
time  and,  therefore,  incorporates  the  synchronization  and 
communication  overhead.  However,  it  has  the  drawback  of 
comparing  the  execution  time  of  the  same  algorithm  on  the 
single  and  multiple  processors. 


Another  definition  of  speedup,  based  on  Amdahl's  Law,  was 
proposed  by  Ware  (Ref.  66).  and  is  expressed  by  the 
following  simple  formula: 


S(p,0  =  — 
1-f 


(1) 


where  S  is  the  maximum  speedup  achievable  by  using  p 
processors;  and  f  is  the  fraction  of  computational  work  done 
in  parallel  (at  the  high  execution  rate). 


In  Eq.  (1)  the  execution  time  using  a  single  processor  has 
been  normalized  to  unity.  The  range  of  change  of  S  with  f, 
at  f  =  1,  is  quadratic  in  p,  i.e.. 


f=l 


2 

=  P  -P 


(2) 


Therefore,  for  massively  parallel  processors  the  fraction  on 
parallelism  must  grow  with  the  number  of  processors  in 
order  to  achieve  reasonable  speedups. 


The  utilization  rate  of  the  multiprocessor  system,  U,  is 
defuicd  as  follows: 

lJ(p.f)  =  -  (3) 

P 

A  utilization  rate  of  1  means  that  every  processor  is  busy 
computing  all  the  time. 


1-11) 


Figure  12  shows  Ihe  theoretical  speedup  and  the  utilization 
rate  of  multiprocessor  systems  as  a  function  of  the  fraction 
of  parallelism,  f,  and  the  number  of  processors,  p.  The 
figure  illustrates  a  key  issue  in  multiprocessor  machines:  as 
the  number  of  processors  increases,  then  for  a  given 
fraction  of  parallelism,  the  degree  of  utilization  decreases. 

The  following  coirunents  can  be  made  regarding  Amdahl's 
Lew  and  Ware's  model: 

a.  Ware's  model  assumes  that  the  parallel  processing 
machine  is  a  two-state  machine  in  the  sense  that  at 
any  instant  of  time  either  all  the  processors  are 
operating  or  only  one  of  them  is  operating. 

b.  Aondahl's  Law  can  be  extended  to  computers  with 
more  than  two  modes  of  operation  with  one  mode 
having  a  lower  rate  of  execution  than  others.  For 
example,  if  the  scalar  mode  is  taken  as  the  low  rate 
and  and  a  balanced  higher  rate,  representative  of 
vector,  memory  and  I/O  is  taken  as  the  high  rate, 
then  Eq.  (1)  can  be  used  to  give  the  maximum 
speedup  achievable  by  the  system  (Ref.  27). 

c.  Ware's  model  does  not  account  for  the  overhead 
associated  with  interprocessor  communication, 
synchronization  (for  controlling  data  access  and  for 
program  control),  among  others.  This  overhead 
may  increase  with  increasing  the  number  of 
processors,  resulting  in  a  speed-down  behavior 
(Refs.  S9  and  67). 

d.  Eq.  (I)  measures  the  speedup  relative  to  the 
implementation  on  a  single  processor  of  the  same 
algorithm.  It  does  not  necessarily  measure  the 
efficiency  gain  due  to  parallelization.  This  will  be 
discussed  further  in  the  succeeding  sections. 

e.  In  Ware's  model  the  implicit  assumption  is  made 
that  f  is  independent  of  p,  which  is  only  true  if  the 
problem  size  is  fixed.  However,  in  practice  the  size 
of  the  problem  increases  with  the  increase  in  the 
number  of  available  processors.  The  parallel  part 
of  the  program  scales  with  the  problem  size,  but  the 
times  for  the  program  loading,  I/O,  and  serial 
computations  do  not  usually  scale  with  problem 
size.  A  discussion  of  the  effect  of  problem  size  on 
the  performance  of  parallel  algorithms  is  discussed 
in  Refs.  68  and  69. 

f.  Ware's  model  can  be  used  for  estimating  the  speedup 
due  to  vectorizaiion  on  vector  machines,  if  f  is 
interpreted  as  the  fraction  of  vectorizable  work, 
i.e.,  the  maximum  speedup  due  to  vcclorization  is 
given  by: 


where  fy  is  the  fraction  of  vectorizable  work,  and 
Ry  is  the  ratio  of  the  vector  to  the  scalar  execution 
rate.  Note  that  Eq.  (4)  does  not  account  fur  the 
effect  of  overlapping  scalar  and  vector  operations 
(which  can  be  done  on  some  vector  processors), 

g .  The  maximum  speedup  due  to  the  combined  effects 
of  parallel  execution  and  vectorization  (i.e., 
parallel  vectorization)  can  be  represented  by  the 
product  of  S(p,0  (Eq.  (1)],  and  Sy  (Eq.  (4)].  The 
speedup  is  depicted  in  Fig.  13  as  a  function  of  the 
fractions  of  vectorizable  and  concurrent  work,  fy 
and  fp,  for  a  vector  multiprocessor  machine  with 
four  processors  and  an  Ry  of  ten  (vector  execution 
rate  ten  times  that  of  the  scalar  execution  rate). 
Note  that  when  fy  =  fp  =  0.9  the  speedup  is  only 
16.19  (less  than  41%  of  the  theoretical  maximum 
speedup). 


6.5  Special  Computational  Strategies 
In  recent  years  several  attempts  have  been  made  to  exploit 
the  potential  of  parallel  processing  machines  in  the 
solution  of  various  structural  anidysis  and  design  problems. 
These  include  fmite  element  computations  on  SIMO  vector 
computers,  shared-memory  multifvocessors,  and  message¬ 
passing  multicomputers  (see,  for  example.  Refs.  70  and 
71).  Table  7  lists  the  different  phases  involved  in  the 
steady-state  finite  element  analysis,  and  their  suitability  for 
vectorization  and  parallelization.  For  time-dependent 
(transient)  problems,  several  parallel  temporal  integration 
techniques  have  been  proposed  for  structural  dynamics 
problems  (see,  for  example.  Refs.  72,  73  and  74).  Explicit 
schemes  are  well-suited  to  both  vector  and  parallel 
processing.  This  is  especially  true  when  a  lumped  mass 
matrix  is  used.  The  organization  of  nodal  and  element  data 
to  achieve  high  performance  on  the  CRAY  X-MP  is' 
described  in  Ref.  7S.  Implicit  and  semi-implicit  schemes 
require  solution  of  equations  at  each  time  step. 

A  number  of  special  strategies  can  be  used  to  increase  the 
degree  of  parallelism  and/or  vectorization  in  finite  element 
computations.  These  strategies  are  applications  of  the 
principle  of  divide  and  conquer,  based  on  Ixeaking  a  large 
(and/or  complex)  problem  into  a  number  of  smaller  (and/or 
simpler)  subproblems  which  may  be  solved  independently 
on  distinct  processors.  The  degree  of  independence  of  the 
subprcblems  is  a  measure  of  the  effectiveness  of  the 
algoriihm  since  it  determines  the  amount  of  frequency  of 
communication  and  synchronization. 

Herein,  three  strategies  are  discussed:  domain 

decomposition  and  substructuring;  operator  splitting;  and 
elcment-by-element  strategies. 

6.5.1  Domain  Decomposition  and  Substructuring 

The  basic  idea  of  domain  (or  spatial)  decomposition  is  to 
divide  the  domain  into  a  number  of  (possibly  overlapping) 
regions.  The  initial/boundary-value  problem  is 
decomposed  into  one  that  involves  solution  of 
initial/boundary-value  problems  on  subdo.niains.  thereby 
introducing  spatial  parallelism.  Since  the  solution  is  not 
available  at  the  interfaces  between  regions,  it  is  modified 
iteratively  as  part  of  the  solution  procedure.  A  review  of 
parallel  domain  decomposition  techniques  is  given  in  Ref. 
76. 

Substructuring  techniques  are  closely  related  to  domain 
decomposition.  They  can  also  be  identified  at  the  algebraic 
level  by  partitioning  the  associated  matrices  in  an 
appropriate  way  to  separate  the  degrees  of  freedom  that  are 
to  be  eliminated  (the  internal  degrees  of  freedom  in  different 
substructures)  from  those  to  be  retained  (interface  degrees  of 
freedom).  Subsiructuring  techniques  lend  themselves 
directly  to  parallel  vectorization  (Refs.  62  and  77). 
However,  the  partitioning  of  a  discretized  structure  into 
substructures  to  achieve  well-balanced  workload 
distribution  among  the  different  processors  is  a  difficult 
combinatorial  problem.  A  simulated  annealing  algorithm 
for  the  approximate  solution  of  this  problem  is  presented  in 
Ref.  78.  The  algorithm  is  analogous  to  a  method  used  in 
statistical  mechanics  for  simulating  the  annealing  process 
in  solids.  Other  partitioning  strategies  are  described  in 
Refs.  79  and  80. 

6.5.2  Operator  Splitting 

The  notion  of  splitting  has  long  been  used  to  synthesize 
the  solution  of  a  complicated  problem  from  that  of  a 
simpler  problem  (or  a  sequence  of  simpler  problems). 
Among  the  different  applications  of  splitting  are  the 
breaking  of  a  multidimensional  problem  into  a  sequence  of 
one-dimensional  problems,  and  the  development  of 


iterative  (and  semi-iterative)  techniques  fur  solution  of 
algebraic  equations.  Splitting  can  be  used  as  a  means  of 
partitioning  the  computational  task  into  a  number  of 
subtasks  that  are  either  independent,  or  only  loosely 
coupled,  so  that  the  compulations  can  be  made  on  distinct 
processors  with  little  communication  and  sharing. 

6.5.3  Element-by-Element  Solution  Strategies 
The  modular  element-by -element  logic  inherent  in  the  finite 
element  analysis  procedure  has  been  used  to  develop 
solution  strategies  which  do  not  require  the  explicit 
generation  of  the  global  stiffness  matrix.  The  frontal 
elimination  method  was  originally  proposed  by  Irons  (Ref. 
81)  to  bypass  the  assembly  process.  In  recent  years 
element-by-elcment  strategies  have  been  developed  for  the 
solution  of  static  and  dynamic  problems  as  well  as  adaptive 
grid  generation.  A  review  of  these  strategics  is  given  in 
Ref.  82.  Element-by-elcment  strategies  arc  well-suited  to 
vector  and  parallel  processing  and,  therefore,  should  be 
seriously  considered  for  use  in  parallel  processing 
machines. 

7  .  IMPACT  OF  NEW  AND  E.MERCING 

COMPUTER  TECHNOLOGY  ON 

STRUCTURES  TECHNOLOGY 
A  partial  list  of  some  of  the  advances  in  computer 
technology,  along  with  their  impact  on  the  structures 
technology,  is  given  in  Table  8.  The  opportunities  offered 
by  the  new  and  projected  hardware  environment  for 
structural  analysis  and  design  are  enormous.  The  current  and 
evolving  large  supersystems  will  open  the  way  to  a  vast 
range  of  new  applications,  and  to  higher  levels  of 
sophistication  in  modeling  flight-vehicle  structures.  The 
small,  emerging  low-cost  systems  will  provide  a  high 
degree  of  interactivity  and  free  the  analysts  and  designers 
from  the  constraints  that  are  often  imposed  on  them  by 
large  centralized  compulation  centers.  The  embedded 
computers  will  aid  in  the  control  of  the  devices  in  which 
they  reside.  Intelligent  interfaces  allowing  multiple  media 
interaction  for  both  input  and  output  will  facilitate  the  user- 
machine  communication.  Flexible  high-capacity  networks 
will  allow  collaborative  computing  by  linking  designers 
and  manufacturing  teams  at  different  locations. 

The  A1  knowledge-based  expert  systems  and  neural 
networks  will  aid  the  initial  selection  and  adaptive 
refinement  of  the  model,  as  well  as  in  the  selection  of  the 
computational  strategy  and  in  postprocessing.  The  targe 
data  management  systems  will  facilitate  the  integration  of 
analysis  programs  into  CAD/CAE  and  integrated  product 
and  process  development  systems. 

8  .  A  LOOK  AT  THE  FUTURE 

The  driving  forces  for  future  developments  in  computational 
technology  will  continue  to  be;  1)  the  need  for  improved 
productivity  and  cost-effective  engineering  systems;  and  2) 
support  of  innovative  high-tech  industries  (aerospace 
related,  transportation,  microelectronics,  and  nuclear 
energy). 

8.1  Future  Flight  Vehicles 
In  the  aerospace  Field,  plaruicd  future  vehicles  include  high¬ 
speed  civil  transport,  earth  observation  systems,  space 
station,  improved  orbital  delivery  systems  (which  combine 
low  cost  and  high  reliability),  structures  subjected  to  very 
high  accelerations,  and  very  high  precision  shaped  and 
controlled  space  structures  under  dynamic  and  thermal 
disturbances.  The  realization  of  cost-effective  future 
aerospace  systems  requires:  a)  technology  advances  in  the 
materials  and  structures  areas  (e.g.,  development  of 
engineered/smart  materials  and  adaptive  structures 
concepts);  b)  an  integrated  product  and  process 


development  facility  which  incorporates  both 
multidisciplinary  analysis  and  design  and  virtual 
manufacturing  facilities.  The  multidisciplinary  analysis 
and  design  facility  accounts  for  the  strong  couplings 
between  traditionally  separate  fields  (e.g.,  structures, 
control,  propulsion,  aerodynamics,  electromagnetics, 
acoustics  and  optics).  The  virtual  manufacturing  facility 
includes  large  CAD/CAM  simulation  capability,  object 
databases,  and  virtual  reality  visualization. 

8.2  Computing  Paradigm 

The  current  trend  towards  merging  telecommunications  and 
computer  technologies  will  likely  lead  U}  the  new  paradigm 
of  distributed  heterogeneous  supercomputing  (DHS).  DHS 
refers  to  an  integrated  computing  enviroiunent  in  which  the 
network  is  the  computer.  Use  of  DHS  could  significantly 
affect  CST  by  greatly  alleviating  the  size  limitations  that 
current  memory  capacities  impose  on  numerical 
simulations.  Moreover,  DHS  can  achieve  sustained  speeds 
in  the  teraflop  (trillion  floating-point  operations  per 
second)  range. 

DHS  hardware  consists  of  three  basic  components:  a 
processing  component;  a  data  storage  and  data  management 
component;  and  a  user-interface  component.  The 
processing  component  includes  a  plethora  of  architectures 
of  the  lollowing  types:  large  grain  vector  supercomputers 
(such  as  CRAY  C916);  massively  parallel  systems  (such  as 
Intel  Paragon,  IBM  9076  SPl  scalable  power  parallel 
system,  CM-5.  and  CRAY  T3D);  application-specific 
special-purpose  computers;  powerful  reconfigurable 
transputer  networks;  advanced  multimedia 
workstations/superservers  (such  as  SGI  power  challenge 
series  and  Sun  microsystems  SPARCcenter  20(X));  and 
artificial  neural  networks.  Both  shared  memory  and 
distributed  memory  systems  can  be  included  in  the 
processing  component. 

The  data  storageidata  management  component  provides 
physical  storage  in  the  terabyte  (10^^  bytes)  range  and  has 
large  disk  arrays,  mass  robotic  media,  and  a  massive  high¬ 
speed.  high-bandwidth  File  transfer  network. 

The  user-interface  component  includes  advanced 
visualization  engines  such  as  virtual  reality  facilities  and 
high-dcFinition  technologies;  soniFication  facilities  to  map 
data  to  a  sound  domain;  and  hardware  and  software  interfaces 
that  allow  multiple-media  interaction,  including  vision-  and 
speech-recognition  facilities.  The  interfaces  will  also 
allow  interactive  steering  and  dynamic  control  of  the 
computations. 

DHS's  effectiveness  depends  strongly  on  two  factors:  the 
availability  of  high-speed  local,  backbone,  and  wide-area 
networks  for  data  transfer  between  the  different  computers; 
and  software  enabling  application  programs  to  be 
partitioned  into  tasks  that  can  be  executed  separately,  often 
simultaneously,  on  different  types  of  computing  platforms. 
Each  task  is  executed  on  the  architecture  for  which  it  is  best 
suited.  For  the  partitioning  task,  an  intelligent  (smart) 
operating  system  and  object-oriented  tools  are  needed  to 
optimize  the  system's  throughput  performance. 

DHS  development  is  being  vigorously  pursued  by  a  number 
of  teams  at  National  Science  Foundation  supercomputer 
centers  (in  Illinois,  Pittsburgh,  and  San  Diego);  at  the 
Naval  Ocean  Systems  Center;  at  Oak  Ridge  National 
Laboratory  and  at  convex  and  MP  computer  systems.  A 
proposed  National  Metacenter  Concept  that  would  connect 
the  NSF  supcrcomputing  centers  is  being  explored  (see  Ref. 
I  and  Fig.  15). 


DHS  could  potentially  allow  solutions  to  previously 
intractable  structures  inoblems.  It  is  also  likely  to  change 
the  nature  to  CST  research  and  design  activities  by  enabling 
collaboration  among  geographically  dispersed  researchers 
and  designers.  Future  DHS  hardware  will  provide  multi¬ 
terminal  display  capability  for  simulation  and  will  feature 
other  multi-terminal  visualization  capabilities  as  well. 

8.3  Human/Machine  Interfaces 

The  realization  of  the  potential  of  new  and  emerging 
computing  technology  in  structural  analysis  and  design 
requires  new  ap^noaches  for  human/machine  interfaces.  The 
full  power  of  creative  artificial  intelligence  researrh  should 
be  thought  to  bear  on  the  development  of  human/machine 
interfaces  which  effectively  link  to  as  many  of  the  human 
sensing  and  communication  mechanisms.  These 
mechanisms  can  initially  include  coordinated  use  of 
visualization,  sound  and  touch;  and  in  the  longer  term, 
direct  and  indirect  measures  of  human  encephalographic  or 
other  properties  of  thought  and  situation  awareness. 

8.4  Near-Term  Needs  in  the  Computational 
Structures  Area 

Among  the  near-term  primary  pacing  items  in  the 
computational  structures  area  are:  a)  understanding  of 
physical  phenomena  associated  with  damage  and  failure  of 
structures,  particularly  those  made  of  new  materials;  b) 
effective  coupling  of  numerical  simulations  and 
experiments  and  the  selection  of  benchmarks  fur  validating 
and  assessing  the  efficiency  of  the  numerical  simulations; 
c)  effective  model  generation  and  visualization  steering 
facilities;  and  d)  intelligenl/smart  computational  models 
(with  hierarchical/adaptive  modeling  facilities). 

9.  SUMMARY  AND  CONCLUDING  REMARKS 
A  review  is  given  of  the  recent  advances  in  computer 
technology  that  are  likely  to  impact  structural  analysis  and 
design  of  flight  vehicles.  The  characteristics  of  new  and 
projected  computing  systems  are  summarized.  Advances  in 
progranruning  environments,  numerical  algorithms,  and 
computational  strategies  for  new  computing  systems  are 
reviewed.  At  one  end  of  the  spectrum  there  are  the  top-of- 
the-range  large  supersystems  such  as  the  multiprocessor 
machines  CRAY  C916.  Fujitsu  VPP-500.  and  the  Massively 
parallel  machines  CM-5  and  nCUBE  3.  The  performance  of 
large  supersystems  will  continue  to  improve  and  their  peak 
computational  speeds  are  likely  to  reach  a  icraflop  (I  x 
10^^  floating  point  operations  per  second)  before  the  end 
of  the  decade.  These  supersystems  will  make  possible  new 
levels  of  sophistication  in  modeling  of  flight  vehicles  as 
well  as  in  problem  depth  and  scope  which  were  not  possible 
before.  At  the  other  end  of  the  spectrum  the  ultrafast 
microprocessors  and  the  embedded  computers  will  be  used  in 
structural  health-monitoring  systems  (for  detection  and 
recording  of  damage),  will  aid  in  the  control  of  the  devices 
they  reside  in,  and  help  in  the  realization  of  intelligent 
(smart  or  adaptive)  structural  components.  The  emerging 
multimedia  workstations  with  multiple  media  interaction 
for  both  input  and  output  (e.g.,  graphics  and  natural 
languages)  will  facilitate  the  user-machine  communication, 
allow  adaptive  modeling  and  solution  strategies  and 
increase  the  productivity  of  structural  analysts/dcsigners. 
The  future  computing  paradigm  will  be  based  on  distributed 
heterogeneous  supercomputing  and  will  allow  collaborative 
computing  by  linking  design  and  manufacturing  teams  at 
geographically  different  locations. 

The  discussion  of  the  new  computing  systems  presented 
herein  is  intended  to  give  structural  analysts  and  designers 
some  insight  into  the  potential  of  these  systems  for 
providing  cost-effective  solutions  of  complex  structural 


problems,  and  to  stimulate  research  and  development  of  the 

necessary  algorithms,  firmware  and  software  to  realize  this 

potential. 
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Table  1  -  Levels  of  Parallelism 


Level 

Means  to  Achieve  Parallelism 

Performed 

by 

Job 

level 

Multiprogramming  - 
overlapping  and  interleaving  the 
execution  of  more  than  one 
program  (IA3  and  CP  operations). 
Multiprocessing  -  running  two  or 
more  CPUs  concurrently  on 
different  applications  or  on 
independent  job  streams  of  the 
same  general  application. 

Operating 

system 

Program 

level 

Multitasking  -  decomposition  of 
a  program  into  two  or  more  tasks 
(program  segments)  that  can 
execute  concurrently.  This  requires 
the  tasks  to  have  no  data  or  control 
dependence.  Microtasking  -  which 
permits  more  than  one  CPU  to  work 
on  a  program  at  the  Do-loop  level. 

Software 

Intcr- 

instruc- 

tion 

level 

Concurrency  among  multiple 
Instructions  -  This  requires  an 
analysis  of  the  data  dependency  and 
is  accomplished  by  dividing  each 
instruction  into  suboperations,  and 
overlapping  the  different 
suboperations  on  different 
instructions. 

Compiler 

Intra¬ 

instruc¬ 

tion 

level 

Pipelining  -  by  dividing  the 
instruction  into  a  sequence  of 
operations,  each  of  which  can  be 
executed  by  a  specialized  hardware 
stage  that  operates  concurrently 
with  other  stages  in  the  pipeline. 
Very-long  Instruction  word 
(VLIW)  -  performing  multiple 
operations  per  instruction,  each 
with  its  own  address  field. 

Hardware 
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Table  2  -  Architectural  characteristics  of  some  of  the  new  and  emerging  U.S. 
and  Japanese  large  supersystems 


— 

System/ 

Model 

Architectural 

Configuration 

Maximum 
Number  of 
Processors 

Processor 

Type 

Central 
Processing 
Unit  Clock 
Cycle  Time  (ns) 

Maximum 

Main-Memory 

Capacity 

Peak 

Computational 

Rate 

(GFLOPS) 

CRAY-2 

multiprocessor 
with  shared 

4 

ECL 

4.1 

512  MW-DRAM 
128  MW-SRAM 

1.2 

CRAY-C916 

memofy 

16 

ECL 

4.2 

IGW 

16 

CRAY-3 

16 

ECL 

2.0 

128  MW 

16 

IBMES/9000 
-982  VF 

multiprocessor 
with  dedicated 
bufler  and  shared 
memory 

8 

ECL 

7.2 

10.2  GB 

4.5 

Fujitsu 

VPP500 

highly  parallel 
vector 

multiprocessor 
with  ^stributed 
memory 

222 

GaAsand 

BiCmos 

10 

55  GB 

355 

Hitachi 

S-3800/480 

water-cooled 

multiprocessor 

4 

ECL 

2 

2  GB 

32 

Hitachi  S- 
3600/180 
air-cooled 

single  processor 

1 

ECL 

4 

1  GB 

2 

Hitachi 

S-820/80 

single  processor 
with  multiple 
pipelines 

1 

ECL 

4 

1  GB 

3 

NEC 

SX-3/44R 

multiprocessor 
with  multiple 
pipelines 

4 

ECL 

2.5 

8  GB 

25.6 

Table  3  -  Architectural  characteristics  of  some  of  the  massively  parallel  computers 


System/ 

Maximum 

Maximum 

Peak  Computational  Rate  1 

Model 

Architecture 

Number  of  Processors 

Main  Memory 
Capacity  GB 

Each  Processor 
Node  (MFLOPS) 

Total 

(GFLOPS) 

Thinking  Machines 
Corp.  CM-5 

synchronized 

MIMD 

1024 

(expandable  to  16,384) 

32 

(512) 

128 

128 

Intel  Paragon 

MIMD,  2-D 

2000 

262 

75 

150 

XP-S 

Mesh 

(expandable  to  4,0(X)) 

(524) 

(300) 

MasPar  MP-2 

SIMD,  2-D 

Mesh  and  router 

16,384 

4 

0.146 

2.4 

nCUBE2 

MIMD 

hypcrcubc 

8,192 

262 

4.1 

34 

nCUBE3 

MIMD 

hypcrcubc 

65,536 

65,000 

100 

6,500 

CRAY  T3D 

MIMD 
bidirectional 
torus  topology 

2,048 

131 

150 

300 

Meiko  CS-2 

MIMD  yariable 
topology 

264 

(256  Fujitsu 
+  8  Super  SPARC) 

36.8 

200  Fujitsu 
40/SPARC 

51.2 

Meiko  Computing 
Surface  i860/concerto 

MIMD  variable 
topology 

136 

(128  Intel  +  8  SPARC) 

5.1 

80/Intcl 

12/SPARC 

10.2 

Table  4  •  Classification  of  Instruction  Types  (See  Ref.  23) 


Type  of 
Instruction 

Number 

Operations 

Number  of 
Pairs  of 
Operands 

Examples 

Scalar 

1 

1 

A  =  B  +  C 

Vector 

1 

1 

Ai  =  Bi  +  Ci,  i  =  1,  N 

Systolic 

M 

1 

Mauix  operations,  with  data  from 
rows  and  columns  used 
repeatedly. 

VLIW 

M 

N 

Multiple  q^eralions  per 
instruction,  each  with  its 
own  address  field. 

Table  5  >  Extended  Taxonomy  of  Computer  Architectures  (See  Ref.  23) 


Levels  of 
Concurrency 

Generic  Instruction  Types  I 

Scalar 

Vector 

Systolic 

VLIW 

Serial 

CIX:-7600 

IBM  360/95 

CRAY-1 
CYBER  205 

WARP 

Parallel 

BBN-Butterfly 

Hypercube 

CRAY  C916 
ETAlO 

Clustered 

Cedar 

Table  6  -  Characteristics  of  New  32/64-bit  Chips/Processors 


Name  of  Chip 

Number  of 
Transistors 
(in  millions) 

Speed  and 
Clock  Cycle 

Peak 

Computational 

Speed 

DEC  21064  (Alpha) 

1.68 

200  MHz 
(5  ns) 

150  MFLOPS 

300  MIPS 

HP  PA-RISC 

7100 

1.7 

100  MHz 
(10  ns) 

200  MFLOPS 

Intel  Pentium  processor 

3.1 

66  MHz 
(15  ns) 

112  MIPS 

SGI/MIPS 

TFP 

3.4 

75  MHz 
(13.3  ns) 

300  MFLOPS 

300  MIPS 

Table  7  -  Different  Phases  of  Finite  Element  Structural  Analysis 
Steady-State  (Static)  Problems 


Phase 

Suitability  for  Parallelization/Vectorization 

Input  problem  characteristics,  element  and 
nodal  data,  and  Kcomctry 

Can  be  parallelized. 

Evaluation  of  element  characteristics 

Easy  to  parallelize  and  can  be  vectorized. 

Assembly 

Requires  special  care  for  parallelization  (e.g., 
nodc-by-node  strategy)  Difficult  to  yectorize. 

Incorrmration  of  boundary  conditions 

Easy  to  parallelize. 

Solution  of  alttebraic  eouations 

Important  to  vectorize  and  parallelize. 

Postprocessing 

Can  be  parallelized  and  vectorized. 

Table  8  -  Impact  of  New  and  Emerging  Com;  t  Technology 
on  Structures  Technology 


System 

Impact  on  Structures  Technology 

•  Supersystems  (>  I.O  Gigaflop)  e.g.,  CRAY 

916  and  CRAY-3 

•  Highly  parallel  systems,  e.g.,  CM-5, 

Paragon  XP/S,  and  CRAY  T3D 

•  New  levels  of  sophistication  in  modeling 

suuctures 

•  Expedite  multidisciplinary  analysis  and 

design 

•  Workstations  (3G  machines)* 

•  Workstation  clusters 

•  Microprocessors  and  chip  technology  (e.g., 

SGl/MIPS  TFP  and  DEC  21064 
(ALPHA)  Chips) 

•  Special-purpose  firmware 

•  Increase  productivity  of  structural 

analysiydcsigner 

•  Collaborative  computing  -  design  and 

manufacturing  teams 

•  Structural  health  monitoring  systems  (for 

detection  and  recording  of  damage) 

•  Significant  speedup  of  analysis/design 

modules 

•  AI  knowledge-based,  expert  systems,  and 
neural  networks 

•  Aid  in  initial  selection  and  adaptive 

refinement  of  model,  selection  of  model, 
selection  of  computational  strategy,  and  in 
postprocessing 

•  Large  data  management  systems  and 
databases 

•  Facilitate  integration  of  analysis  programs 
into  CAD/CAE,  and  integrated  product  and 
process  development  systems 

*3G  machines  refer  to  workstations  with  over  billion  bytes  (Gbytes)  of  storage;  over  billion 
instructions  per  second  (GIPS);  and  over  billion  floating-point  operations  per  seconds  (GFLOPS). 
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Fig.  2  -  Grttwtli  of  number  of  comptrnetUs  per  chip  ( see  Ret .  2 ). 
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I.  SUMMARY 

The  successful  and  timely  transition  of  new 
product  technologies  to  weapon  systems  depends 
heavily  on  the  technical  maturity,  flexibility  and 
cost  effectiveness  of  the  critical  manufacturing 
processes  and  systems  required  to  turn  these 
technologies  into  tangible  products.  The  whole 
concept  of  Integrated  Product  Process 
Development  (a.k.a.  Concurrent  Engineering) 
encourages  and  facilitates  the  parallel  design  and 
development  of  these  manufacturing  processes 
and  systems  with  the  design  and  development  of 
the  product.  As  a  result  of  new  computer  aided 
technologies  and  increased  emphasis '.  on 
manufacturing  design,  new  tools  ^nd 
methodologies  are  emerging  that  will  facilitate 
the  early  consideration  of  manufacturing  in 
design.  This  paper  will  address  the  development 
of  two  such  tools  -  Producibility  Methodology 
and  Tools  and  Virtual  Manufacturing.  These 
tools  will  enhance  the  effectiveness  of 
manufacturing  engineers  who  are  integrated 
product  process  development  team  members  and 
enable  design  engineers  to  better  understand  the 
potential  downstream  implications  of  early 
design  decisions. 


2.  INTRODUCTION 

The  current  aerospace  environment  is  in  a 
constant  state  of  rapid  change.  Available  defense 
resources  are  decreasing  while  at  the  same  time 
the  threat  is  much  less  predictable  and  the  need 
for  rapid  response  speed  is  heightened.  As  a 
result,  the  defense  industrial  base  must  provide  a 
broad  range  of  high  quality  products  at  reduced 
costs.  The  margin  for  inefficient  processes  is 
nonexistent.  The  resources  simply  do  not  exist 
any  longer  for  the  trial  and  error  processes  of  the 
past.  A  new  business  strategy  is  required.  Key 
requirements  for  this  new  strategy  are: 

•  Make  affordability  and  (weapon  system) 
performance  equal  partners 

•  Decouple  cost  and  quantity  (economical  lot 
sizes  of  one) 

•  Move  toward  “economies  of  scope”  vs. 
“economies  of  scale”  (Achieve  the  flexibility 
to  handle  multiple  product  lines  which  may 
each  have  low  production) 

•  Effectively  manage  and  leverage  change 

To  respond  to  this  challenge,  it  is  critical  that 
manufacturing  be  considered  early  in  the  design 
process.  The  approach  to  achieve  this  goal  is 
aimed  at  developing  a  series  of  analysis  and 
predictive  tools  that  will  provide  for  a  more 
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complete  and  accurate  design  base  for 
manufacturing.  The  intent  is  to  fully  support  the 
design  of  manufacturing  processes  and  systems 
over  the  entire  life  cycle,  from  concept 
development  to  disposal.  The  users  of  these 
tools  would  be  both  product  design  and 
manufacturing  engineers,  ideally  working  as  an 
integrated  team. 

Two  such  tools  are  the  subject  of  this  paper:  1) 
Producibility  Methodology  and  Tools,  and  2) 
Virtual  Manufacturing.  The  underlying 
improvements  that  contribute  to  the  focus  on 
producibility  methodology  are  a  focus  on 
Integrated  Product  Process  Development  (a.k.a. 
Concurrent  Engineering)  and  innovative 
approaches  to  variability  reduction  during  the 
development  of  new  products  and  processes. 
Virtual  manufacturing  concepts  build  from 
modeling,  simulation  and  virtual  reality 
technologies  that  are  now  possible  with  recent 
increases  in  computer  capabilities. 

An  application  analogy  in  this  area  is  found  in 
battlefield  modeling  and  simulation,  figure  1. 
Through  a  series  of  computer  displays,  animation 
and  simulations,  including  person-in-the-loop,  a 
battlefield  modeling  and  simulation  capability  is 
being  developed.'  From  this  capability  it  is 
possible  to  begin  to  develop  battlefield  strategy 
tactics,  test  new  weapon  system  concepts  and 
evaluate  alternatives. 


ANALOGY 


Figure  1 :  Battlefield  Modeling  and  Simulation 


An  expansion  of  this  analogy  is  the  basis  for  the 
concepts  presented  in  this  paper,  figure  2.  If  new 
weapon  system  requirements  and  concepts  can 
be  tested  in  a  simulated  battlefield  scenario,  it 
should  be  possible  in  the  long  term,  to  use 
improved  analytical  means  and  evaluate  the 
potential  cost,  quality  and  throughput  for 
production  of  these  weapon  systems.  This 
evaluation  should  be  completed  before 
significant  financial  commitments  are  made. 
Multiple  “what-if  scenarios  could  be  evaluated 
to  search  for  the  best  value  to  meet  these  weapon 
system  performance  requirements. 


Figure  2:  Strategy  for  Early  Manufacturing 
Considerations  in  Design 

3.  OVERALL  STRATEGY 

The  approach  to  early  manufacturing 
considerations  in  design  is  based  on  the 
philosophy  of  assessing  key  manufacturing 
characteristics  and  requirements  early  in  the 
product  design  phase.  This  assessment  will 
allow  manufacturing  strategies  to  be  developed 
in  parallel  with  the  design  phases  of  the  product. 
The  intent  is  to  identify  and  resolve  areas  of 
potentially  high  manufacturing  cost  and  risk 
during  the  early  phases  of  design,  when  the 
impact  of  product  design  change  is  least  costly. 
It  is  believed  that  a  proactive  and  comprehensive 
analysis  of  manufacturing,  done  early  in  design, 
will  also  lead  to  manufacturing  being  viewed  as  a 
true  innovator  on  the  team  instead  of  a  constraint 
on  the  creativity  of  the  designer.  In  figure  2,  the 
scenario  depicted  would  have  weapon  system 
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design  concept  and  requirements  evaluated  in  a 
battlefield  environment.  These  requirements 
would  then  be  passed  to  an  integrated 
engineering  team  that  could  evaluate  the  desired 
design  characteristics  vs.  the  affordability  driven 
by  manufacturing.  In  figure  2.  the  first  issue  is 
to  address  the  interaction  between  the  product 
designer  and  the  manufacturing  engineer.  This 
interaction  should  be  approached  using 
Integrated  Product  Process  Development  (IPPD) 
concepts.  The  dialogue  and  product 
development  balance  would  center  around  the 
ability  of  the  product  design  to  meet  performance 
requirements  while  at  the  same  time  being 
manufactureable  with  cost  effective,  high  quality, 
repeatable  processes.  The  "first  cut"  at  this 
design  balance  would  be  done  using 
producibility  analysis  tools.  The  next  level  of 
detail  in  the  design  balance  would  then  be  done 
using  Virtual  Manufacturing  techniques.  Virtual 
Manufacturing  would  address  areas  such  as 
business  practices,  planning,  shop  floor  processes 
and  testing. 


Ov«ratl  Strategy 


Figure  3:  Hioh  Level  Description  ot  Approach 


The  high  level  description  for  the  approach  is 
shown  in  figure  3.  At  the  very  top  level,  the  goal 
is  to  understand  the  impact  of  the  user 
requirements  on  design  alternatives.  This  top 
level  design  balance  is  obtained  by  assessing  the 
various  design  and  manufacturing  strategies  that 
could  be  employed  to  create  and  build  the 
product  (two  way  arrow  from  the  top  most  box  to 
second  level).  The  lower  4  boxes  in  figure  3 
depict  the  approach.  The  intent  is  to  iterate 
design-manufacturing  strategies  until  the  one(s) 


with  the  most  value  are  found.  This  involves 
assessing  the  producibility  and  cost  risk  of  the 
designs  established  through  a  balanced  product 
and  process  development  (box  3),  completing  an 
overall  factory  assessment,  using  virtual 
manufacturing  techniques  (box  4)  and  thoroughly 
analyzing  high  risk,  high  cost  shop  floor 
processes,  using  virtual  manufacturing 
techniques  (box  S).  All  of  the  analysis  and 
synthesis  processes  depicted  in  figure  3  can  be 
done  in  a  highly  iterative  manner  using 
structured  methodologies,  state  of  the  art 
computer  tools,  which  support  advanced 
modeling  and  simulation  techniques,  and  a 
comprehensive  manufacturing  data  base  built 
from  knowledge  of  world  class  manufacturing 
techniques.  Additional  discussions  on 
producibility  methodology  and  virtual 
manufacturing  follow. 


3.1  Producibility  Methodology 


Fiqiir?  4^:  Producibility  Methodology  and  Tools 


A  structured  methodology  proposed  for  assessing 
the  producibility  of  product  design  is  shown  in 
figure  4.  This  figure  depicts  three  keys  aspects 
of  producibility  analysis.  On  the  left,  the  design 
tree  is  broken  down  in  a  hierarchical  fashion 
from  the  very  top  level  -  e.g.  Weapon  System,  to 
the  levels  that  depict  the  specific  components  and 
technologies  that  are  used  in  the  design  of  the 
component.  In  a  new  design,  the  engineer  would 
identify  the  level  at  which  key  performance 
characteristics  depend  on  critical  components. 
Once  the  critical  components  are  identified,  the 
technologies  that  are  used  in  the  component 
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would  then  be  identiRed.  At  that  point,  the 
manufacturing  processes  for  that  critical 
component  and  its  technologies  would  be 
identified.  This  is  shown  as  the  hoiizoital  tree  in 
the  middle  portion  of  figure  4  -  IPPD  Design- 
Mfg  Engineering  Balance.  The  horizontal  tree  is 
used  to  depict  the  hierarchy  of  manufacturing 
processes  that  are  required  to  manufacture  the 
critical  component  identified  by  the  tree  cm  the 
left.  The  right  hand  portion  of  figure  4  illustrates 
the  manufacturing  data  bases,  guidelines  and 
other  critical  bits  of  information  about  the 
manufacturing  tree  in  the  center.  The  overall 
strategy  is  as  follows:  1)  from  the  product  tree, 
identify  the  critical  components  required  to 
ensure  that  key  performance  characteristics  are 
met,  2)  construct  a  manufacturing  tree  that 
depicts  the  critical  manufacturing  processes  that 
are  essential  to  make  the  critical  components, 
then,  3)  identify  what  is  known  and  unknown 
about  these  critical  manufacturing  processes. 
This  involves  examining  how  repeatable  these 
processes  are  and  the  statistical  likelihood  that 
defects  could  result  from  a  lack  of  process 
definition  and  control. 

This  approach  has  been  captured  as  the  Six 
Sigma^  Producibility  Analysis'*.  The  objective  of 
Six  Sigma  is  to  provide  a  systematic  and 
statistically  based  approach  for  designing 
products  that  are  inherently  producible.  The  Six 
Sigma  Approach  provides  the  capability  to  link 
individual  manufacturing  process  variability  to 
overall  product  producibility.  A  product 
designed  and  manufactured  under  the  Six  Sigma 
philosophy  could  have  no  more  than  3.4  defects 
per  million.  The  process  capability  indices  for 
Six  Sigma  would  be  CfS  2  and  Cpk>  1.5  5  Note 
thcie  are  two  factors  that  enter  into  the  process 
indicies,  the  design  robustness  (numerator)  and 
the  manufacturing  process  variability 
(denominator).  This  goal  is  based  on  the 
realization  that  today’s  sophisticated  products 
require  hundreds  of  parts,  processing  steps  and 
parameters  to  be  controlled.  The  cumulative 
effect  of  defects  during  the  manufacturing 
process  can  quickly  drive  the  overall  yield  to  an 
unacceptablly  low  number. 


Based  on  this  analysis,  manufacturing  should 
iterate  with  design  to  see  if  suitable  ctxnponents 
and  processes  can  be  chosen  that  are  better 
known  and  therefore  more  controllable  using 
state  of  the  art  equipment,  etc.  If  new 
components  and  manufacturing  processes  are 
deemed  essential  to  the  mission  of  the  weapon 
system,  this  methodology  can  help  identify  the 
risk  reduction  projects  that  should  be  undertaken 
to  ensure  that  the  new  components  developed  can 
be  successfully  transitioned  to  practice  in  the 
weapon  system.  An  example  of  this  approach  is 
shown  in  figure  5. 


Six  Sigma  Example:  T/R  Module  Subarray 


Fiou/e  5:  Six  Siama  Example:  Transmit/Receive 
Module  Subarrav 


In  this  example,  new  weapon  system 
performance  characteristics  were  dependent  on 
the  transmit  receive  (T/R)  module  of  the  radar 
system,  which  was  part  of  the  avionics  system. 
The  critical  components  of  the  TR  module  were 
idenufled  and  an  in-depth  analysis  was  done  on 
the  manufacturing  process  required  to 
manufacturing  these  components.  This  analysis 
identified  the  variability,  the  potential  Defects 
Per  Million  Operations  (DPMO)  and  the  Defects 
Per  Unit/Subarray  (DPU/SA).  Those  processes 
which  have  a  relatively  higher  DPU/SA  were 
flagged  as  potential  “show-stopper”  processes 
and  required  more  process  development  to 
reduce  risk.  This  methodology  of  identifying  the 
risk  of  defects  in  the  critical  manufacturing 
processes,  prior  to  committing  to  manufacturing, 
is  a  way  to  ensure  that  the  technology  developed 
has  sufficient  maturity  to  enable  successful 


transition  to  the  implementation  in  a  weapon 
syston. 

3  J  Virtual  Manufacturing 

The  analysis  tools  available  to  a  designer  for 
performing  initial  assessments  of  product 
producibility  provide  a  high  level  screening, 
based  on  knowledge  of  specific  process 
constraints,  to  quickly  “weed  out”  concepts 
which  exceed  targeted  costs.  However, 
manufacturing  is  not  merely  a  collection  of 
individual  processes  which  can  be  defined  by  a 
set  of  design  rules.  Rather,  manufacturing  is  a 
tightly  coupled,  interdependent  set  of  functions 
operating  as  a  system.  Just  as  a  weapon  system 
cannot  be  truly  understood  without  considering 
how  its  individual  components  operate  together, 
neither  can  the  manufacturing  system.  Going 
beyond  the  initial  screening,  to  a  point  where 
producibility/affordability  can  be  demonstrated 
and  the  true  implications  of  design  alternatives 
are  understood,  requires  the  ability  to  capture, 
represent  and  analyze  the  system  of 
manufacturing  relative  to  these  designs.  In 
essence,  manufacturing  the  product  in  the 
computer  is  possible  prior  to  ever  committing 
production  resources.  This  capability  is 
embodied  in  a  concept  called  Virtual 
Manufacturing  (VM). 

Virtual  Manufacturing  is  an  integrated,  synthetic, 
manufacturing  environment  which  is  exercised  to 
enhance  all  levels  of  decision  and  control  across 
a  products  life  cycle.  The  definition  above 
illustrates  several  of  the  key  elements  and 
objectives  of  VM.  First,  VM  will  consist  of  an 
integrated  and  distributed  set  of  both  existing  and 
future  models  and  simulation  tools,  not  a 
singular,  monolithic  solution.  This  will  allow 
VM  to  be  developed  and  implemented 
incrementally,  capitalizing  on  models  and 
simulation  tools  which  already  exist.  Second, 
these  distributed  models  used  by  VM  will  be 
synthesized  and  abstracted  from  the  actual 
processes  to  be  evaluated,  thereby  providing  a 
direct  linkage  between  the  synthetic  and  actual 
production  environments.  This  is  a  key 


discriminator  from  most  existing  simulation 
approaches  and  allows  VM  to  be  used  as  both  a 
decisicm  suf^rt  tool  and  for  the  analysis/ccmtrol 
of  manufacturing  functions.  Third,  VM  will 
provide  consistency  of  representation  as  one 
progresses  from  the  aggregated  view  of  an 
enterprise  to  a  detailed  view  of  a  shop  floor. 
This  allows  users  to  simulate,  with  high 
confidence,  manufacturing  environments  with 
differing  levels  of  detail  and  from  different 
perspectives,  corresponding  to  the  changing 
decision  support  and  control  requirements  across 
a  products  life  cycle. 

It  is  important  to  note  that  VM  does  not  require 
every  process  and  function  to  be  modeled  in  a 
computer.  The  development  and  implementation 
of  VM  will  be  driven  by  those  processes  and 
functions  defined  as  constraints,  either  from  a 
capacity  or  capability  perspective.  Additionally, 
VM  will  operate  on  an  interactive  basis  with 
human  operators,  leveraging  computerized  and 
human  knowledge  to  provide  a  level  of  VM 
functionality  appropriate  to  the  user. 


Figure  6:  Weapon  System  Design  Processes 


Figure  6  depicts  a  scenario  containing  a 
simplified  set  of  processes  for  designing  a  new 
weapon  system  which  is  useful  in  explaining 
how  VM  can  be  used.  The  user  requirements, 
speed/payload/range/ctc.,  feed  the  design 
function.  Several  design  alternatives  are 
generated  using  the  IPPD  tools  discussed  earlier. 
These  options  are  returned  in  a  format 
compatible  with  the  virtual  battlefield  simulation 
tools.  The  battlefield  effectiveness  of  the  various 
options  is  defined  and  the  more  promising 
concepts  identified.  The  key  product 
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characteristics  of  the  promising  concepts  are  then 
used  to  feed  the  virtual  manufacturing  analysis 
for  determining  cost  and  risk  estimates.  VM 
tools  are  used  to  identify  candidate 
manufacturing  enterprise  configurations  for 
achieving  the  required  product  characteristics. 
For  example,  the  required  product  speed 
demands  high  temperature  materials,  and 
therefore  a  key  part  of  the  enterprise  to  be 
analyzed  involves  high  temperature  processing 
capability.  Information  is  abstracted  from  the 
resource  and  process  models  pertaining  to  the 
candidate  enterprises,  and  used  to  drive  the  VM 
analysis  and  simulation.  The  results  begin  to 
provide  answers  to  the  questions: 

•  Can  I  make  it 

•  What  are  the  cost/risk  drivers 

•  When  can  I  have  it? 

This  process  iterates  as  manufacturing 
constraints  are  played  against  user  requirements 
and  design  alternatives  until  an  acceptable 
compromise  is  reached. 

Fully  realizing  the  vision  of  Virtual 
Manufacturing  will  take  many  years  and  require 
the  development  of  a  number  of  enabling 
technologies  and  capabilities.  System 
architectures  capable  of  supporting  decentralized 
model-based  simulation  and  control  need  to  be 
identified.  These  architectures  need  to  support 
the  integration  of  existing  models  and 
manufacturing  system  components  as  well  as 
provide  the  framework  for  new  developments. 
Candidate  approaches  based  on  model  federation 
and  knowledge  representation  are  being 
explored.  Formalized  models  of  manufacturing 
processes  and  resources  are  still  lacking  in  many 
areas.  Ad  hoc  resource  models,  contained  in 
machine  control  systems  for  example,  often 
exist,  but  little  exists  in  the  way  of  formalized 
process  models.  This  is  particularly  acute  for  the 
intellectual  processes  such  as  design  and 
planning.  Additionally,  there  are  technical 
constraints  associated  with  aggregating  and 
disaggregating  model  information  with  high 
fidelity.  This  is  essential  if  VM  is  to  maintain  a 


consistency  of  representation  across  the 
manufacturing  hierarchy.  Voids  also  exist  in 
methods  for  effectively  distributing  models  and 
simulation  tools  across  a  network  of  users. 
Finally,  because  VM  represents  a  change  in  the 
way  the  government  and  industry  currently  does 
business,  there  are  cultural  and  business  practice 
barriers  which  must  be  overcome. 

However,  the  picture  is  not  all  bleak. 
Complimentary  initiatives,  such  as  Agile 
Manufacturing  and  work  underway  for 
developing  high  speed  network  communication, 
are  tackling  many  of  the  technical  barriers.  There 
are  modeling,  simulation  and  integration  tools 
available  today  which  allow  us  to  begin 
implementing  portions  of  the  VM  vision.  By 
employing  an  incremental,  building  block 
approach  for  developing  and  implementing  VM, 
near  term  cost  savings  can  be  achieved. 

4.  CONCLUDING  REMARKS 

This  paper  has  presented  concepts  for  the  early 
consideration  of  manufacturing  in  the  design 
process.  In  the  future,  it  should  be  possible, 
using  computer  aided  technologies,  and  data 
bases  constructed  from  representative 
manufacturing  situations,  to  fully  analyze  and 
project,  the  potential  cost,  quality  and 
throughtput  of  a  hypopthctical  set  of  components 
which  would  satisfy  weapon  system  mission 
requirements.  This  analyses  could  be  done  early 
in  the  design  process,  so  viable  solutions  could 
be  found  to  problems  before  large  financial 
commitments  are  made.  Two  tools  that  are 
critical  to  the  realization  of  this  goal, 
producibility  methodology  and  tools  and  virtual 
manufacturing  were  discussed. 

The  producibility  methodology  and  tool  set 
included  a  structured  approach  to  identify  the 
components  essential  to  performance  and  to 
identify  the  link  to  the  manufacturing  process. 
An  approach,  based  on  6  Sigma  Variability 
Reduction  concepts,  allows  the  potential  number 
of  defects  to  be  identified  based  on  a  step-by-step 


analyses  of  the  manufacturing  processes  required 
to  ptxxfaice  the  ccanponent.  Where  the  number  of 
defects  exceeds  3.4  parts  per  million,  increased 
design  robustness  and/or  increased 
manufacturing  process  development  is 
recommended  to  reduce  technology  transition 
risk  and  itKiease  the  overall  product  and  process 
quality. 

Virtual  Manufacturing  is  based  on  the  integrated 
application  of  simulation,  modeling  and  analysis 
technologies  and  tools.  It  allows  the  balancing  of 
product  performance  and  production  impact 
across  a  products  life  cycle.  VM  will  allow 
enterprises  to  evaluate  the  producibility  and 
affordability  of  new  product  concepts  with 
respect  to  risks,  impacts  on  manufacturing 
capabilities  and  production  capacity.  VM  will 
provide,  prior  to  production,  a  "Build-in-the- 
computer"  capability  to  prove  the  product  is 
manufacturable,  and  an  analysis  of  various 
production  and  supplier  flow  scenarios. 
Simulation  and  model-based  control  of 
manufacturing  production  will  allow  rapid 
response  to  changing  customer  and  technology 
needs.  For  both  defense  and  commercial  users 
the  cost  and  risk  for  introducing  new  products 
and  processes  will  be  reduced. 
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Integrated  Design  Technology  has  been  pushed  to  a 
large  extent  by  the  tremendous  progress  achieved  in  the 
last  two  decades  in  the  field  of  computational  techniques 
with  regard  to  flow  simulation,  engineering  and  ma¬ 
nufacturing.  This  paper  concentrates  on  the  impact  of 
CFD  on  the  overall  design  process  reviewed  fiom  the 
view  of  aircraft  industry  in  Germany. 

Selected  examples  will  be  given  for  applications  of  CFD 
during  design  and  development  of  major  products  of  Eu¬ 
ropean  aerospace  industry  without  claiming  for  com¬ 
pleteness.  Goieral  product  categories  and  technology 
areas  involved  will  be  identified  having  large  potential 
for  CFD  and  supercomputing  efforts.  In  addition  present 
technology  thrusts  will  be  discussed  and  examples  for 
the  impact  of  CFD  and  supercomputing  demonstrated  by 
applications  in  various  programmes  will  be  given. 

Introduction 

CFD  and  supercomputing  are  supposed  to  help  desig¬ 
ning  better  products  at  lower  risk. 
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Fig.  1  Cost  of  changes  vs.  design  freedom  during  A/C 
development 

(Source  :  M.  Wozny,  R.P.I.,  Symposium  on  in¬ 
formation  architectures  for  concurrent  enginee¬ 
ring) 

According  to  the  schematics  in  Fig.  1  the  expected  cost 
for  changes  in  the  various  stages  of  the  development 
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process  are  increasing  dramatically  with  progressing 
time.  In  contrary  the  freedom  for  the  designer  to  make 
changes  is  more  end  more  reduced.  The  message  is  that 
CFD  and  supercomputing  has  to  be  applied  to  a  large 
extent  during  early  conceptual  and  preliminary  design 
stage  where  design  freedom  exists  at  low  cost  concer¬ 
ning  changes  with  regard  to  the  systems  concept  So  far 
the  risk  not  to  achieve  a  successful  product  at  minimum 
development  cost  is  controllable. 

Motivation  for  aerospace  industry 

Major  products  of  aerospace  industry  are  categorized  as 
follows : 

•  Civil  aircraft 

-  general  aviation  aircraft 

-  transport  aircraft 

-  helicopters 

•  Military  aircraft 

-  combat  aircraft 

-  trainer  aircraft 

-  transport  aircraft 

-  helicopters 

•  Military  rockets  and  missiles 

•  Space  transportation  systems 

-  rocket  launchers 

-  reentry  vehicles 

-  winged  airbreathing  launch  systems 

-  transfer  vehicles  (terrestrial,  extraterrestrial) 

•  Space  systems 

-  satellites 

-  space  stations 

These  product  families  have  to  be  analyzed  individually 
concerning  the  potential  impact  of  CFD  and  supercom¬ 
puting  during  design  and  manufacturing  with  respect  to 

•  cost 

•  time 

•  quality  and 

•  risk. 

In  addition  the  required  specific  product  properties  play 
an  important  role  on  the  decision  to  what  degree  CFD 
and  supercomputing  have  to  be  applied,  e.g. 

•  performance 

•  operating  cost 

•  operation  risk 

•  lifetime 

•  life  cycle  cost 

•  environmental  impact 
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The  next  step  is  to  identify  the  technology  areas  invol¬ 
ved  during  the  design  process  where  CFD  and  super- 
computing  will  have  significant  impacts  on  product  suc¬ 
cess.  It  is  obvious  that  nearly  all  engineering  disciplines 
may  benefit  to  a  large  degree  e.g. 

•  Flight  physics 

-  aerodynamics/aerothermodynamics 

-  propulsion  integration 

-  fli£^t  dynamics/trajectories 

-  signatures 

•  Structures  and  materials 

•  Propulsion  systems 

•  Subsystems 

-  guidance  and  control  systems 

-  communication  systems 

•  Systemsintegration 

-  simulation 

-  general  performance 

•  Tests  and  verification 

Certainly,  this  list  could  be  continued  but  it  is  important 
to  consider  these  technology  areas  involved  mote  in  de¬ 
tail  with  regard  to  the  expected  magnitude  of  benefit 
gained.  This  leads  to  presently  observed  trends  for 
mayor  efforts  in  industry  due  to  technology  thrust  e.g.  in 
the  fields  of 

•  Flight  physics 

-  boundary-layer  and  flow-separation  control  (e.g. 
laminarization) 

-  improvement  of  high-lift  systems  (e.g.  for  civil 
transport  Ai/C) 

-  prediction  of  aerothermodynamics  (e.g.  for  space 
transportation  systems) 

-  development  of  advanced  flight  conuol  systems 
(e.g.  fOT  supermaneuverability) 

-  validation  of  numerical  methods  for  analysis  and 
optimization  (all  industrial  products) 

-  numerical  methods  for  radar  and  infrared  signature 
analysis  (e.g.  for  combat  A/C) 

•  Materials  and  structures 

-  fibre  materials/high  temperature  resistant  materials 

-  smart  materials 

-  computer  aided  design/optimizaiion  and  manufac¬ 
ture 

•  Propulsion  systems 

-  engine/airframe  integration 

-  fuel  efficiency/pollution  reduction 

-  hypersonic  airbreathing  engines  (RAM/SCRAM) 

-  cryogenic  fuels 

-  noise  reduction 

Present  situation 

The  present  situation  in  aircraft  industry  with  regard  to 
CFD  and  supercomputing  for  the  prediction  of  aerody¬ 


namic  characteristics  of  complex  A/C  configurations  can 
be  characterized  as  Fig.  2  shows. 


Fig.  2  Impact  of  CFD  and  supercomputing  on  wing 
design,  design  of  high-lift  devices  and  propul¬ 
sion  integration 


Limited  computational  models  and  predominantly  wind- 
tunnel  work  can  be  found  where  improved  representa¬ 
tion  of  viscosity  effects  the  prediction  and  minimisation 
of  interference  effects  due  to  the  integration  of  aircraft 
components  is  required.  The  situation  in  high  speed 
aerodynamics  is  even  worse  because  of  the  additional 
requirements  for  realistic  representation  of  heat  loads 
and  real  gas  in  numerical  algorithms  uses  and  due  to  the 
needs  for  highly  effective  (airbreathing)  propul¬ 
sion/airframe  integration  (Fig.  3).  The  question  of 
achieving  thrust  minus  drag  as  a  positive  figure  domi¬ 
nates  future  designs  for  space  transportation  systems. 


Fig.  3  Impact  of  CFD  and  supercomputing  on  high 
speed  aerodynamics  for  reentry  vehicles  and 
winged  airbreathing  launchers 


Grid  generation  techniques 

Grid  generation,  both  surface  grids  and  3D  field  discre¬ 
tization  is  the  "Key"  to  successful  computation  in  aero¬ 
thermodynamics,  and  structures.  Often  underestimated 
this  techniques  used  have  required  a  high  level  of  engi- 
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neoing  skill  and  experience. 


Fig.  4  DOGRID  :  Example  for  CFD-mesh  generation 
system  at  Dasa  Domier 


In  Fig.  4  an  example  for  surface  grid  generation  for 
complex  geometry  is  given.  The  main  characteristics  of 
the  system  are  outlined  in  the  figure. 


In  Fig.  5  an  example  is  given  for  meshgrid  generation 
starting  from  a  CAD-model  (e.g.  CAHA)  using  an  in¬ 
teractive  procedure.  In  this  process,  starting  from  a  3D- 
CAD  model  with  overlapping  surfaces  and  gaps,  a  net¬ 
work  model  ("wireframe")  is  derived,  with  u^logical 
dependence  to  the  computational  model  fmally  used  for 
the  flow  computation. 

Finally  the  reiaeseniation  of  an  aerodynamic  control 
surface  in  the  computational  domain  is  shown  in  Fig.  6 
again  starting  from  the  definition  of  geometry  in  the 
CAD  system  and  resulting  in  the  sectional  cut  for  simu¬ 
lating  the  flap  in  the  CFD  numerical  algorithm. 

Engineering  methods  (potential  flowl 

Engineering  methods  still  play  a  significant  role  during 
aircraft  design  and  development.  But  the  definition  of 
engineering  methods,  as  being  more  or  less  restricted 
only  to  "data  sheets"  and  "Handbooks",  has  changed  to  a 
large  degree.  With  the  availability  of  PCs  and  work-sta¬ 
tions  on  nearly  each  engineer's  desk,  engineering  me¬ 
thods  include  now  even  the  level  of  numerical  methods 
in  the  complexity  of  panel  methods  ("Potential  Flow 
Solutions")  with  and  without  viscous  flow  correction 
procedures. 
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Fig.  S  Surface  meshgrid  generation  from  CAD-model 
for  complete  fighter  A/C 


Fig.  6  Grid  for  Flap  Modelling  with  a  "Stq)"- 
Approach 


Fig.  7  JPATS-Fanranger  surface  pressure  analysis 
using  panel  methods  applied  during  design 
(HISSS  at  Dasa.  M  =  0,5,  a  =  5°) 

Fig.  7  shows  the  pressure  distribution  on  a  complex  sub¬ 
sonic  trainer  aircraft  configuration  obtained  by  an  ad¬ 
vanced  panelmethod  based  on  the  numerical  solution  of 
the  linearized  potential  flow  equation.  It  is  obvious,  that 
this  information,  available  in  short  time,  i^ys  an  impor¬ 
tant  role  as  a  complementary  tool  to  wind-tunnel  tests. 
First  a  variety  of  configuraiional  changes  can  be  analy¬ 
zed  by  numerical  methods  and  then,  finally  only  the  op¬ 
timized  configuration  will  be  verified  by  expmiment. 

In  Fig.  8  the  problems  of  the  prediction  of  heat  loads  du¬ 
ring  aerotheimodynamic  pre-design  of  reentry  vehicles 
is  addressed.  In  contrary  to  more  conventional  designs 
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for  subsonic,  transonic  and  low  supersonic  speed,  there 
is  for  hypersonic  qieed  nearly  no  way  to  get  realistic 
data  Grom  wind-tunnel  work  due  to  the  lack  of  adequate 
(hypersonic)  flow  simulation.  So  the  question  comes  up 
how  to  validate  these  numerical  methods  applied  for  the 
design  of  such  vehicles.  Maybe  future  hypersonic  flight 
test  demonstrators  wiU  provide  an  aerothermodynamic 
database  obtained  in  realistic  atmospheric  environmem 
during  flight  which  can  be  used  for  code  validation. 


Fig.  8  Approximate  methods  used  for  the  determina¬ 
tion  of  heat  loads  at  hypersonic  Machnumbers 


Inviscid  flow  simulation  solvina  Euler  equations 

Th'*  next  higher  level  of  CFD  is  reached  by  solving  the 
Euler  equations  to  get  the  complete  flow  field  around 
the  vehicle  at  a  given  set  of  parameters  like  Machnum- 
ber,  angle  of  attack  and  side-slip.  In  contrary  to  potential 
flow  methods  Euler  solutions  represent  the  appropriate 
compressibility  effects  and  they  can  deal  with  vortical 
type  separated  flow  and  realistic  wakes.  They  provide  in 
short  time  even  more  data  about  details  of  the  whole 
flow  field  than  the  experiment  usually  provides.  A  typi¬ 
cal  example  is  given  in  Fig.  9  showing  the  results  from 
flow  analysis  using  the  EUFLEX  code  develqied  at 
Dasa  for  a  rather  complex  fighter  aircraft  configuration 
atM  =  0.9andM=  1.2ata  =  6°. 


Fig.  9  Fighter  Aircraft  analysis  using  Euler  Flow 
computations 


Shown  in  Fig.  9  are  isobars  representing  different  levels 
of  pressure  by  different  colours.  Interesting  to  note  the 
difference  of  the  pressure  distributions  at  transonic  and 
at  supersonic  Machnumber,  indicating,  that  for  M  =  1.2 
the  development  of  a  shocksyslem  on  the  iq}per  side  of 
the  wing  lakes  place.  Whether  this  leads  to  shock  indu¬ 
ced  flow  separation  has  to  be  investigated  separately  by 
coupling  the  code  with  a  boundary  layer  method.  But 
even  without  considering  viscous  effects,  the  agreement 
of  numerical  data  with  the  experiment  is  excellent  as 
Fig.  10  demonstrates. 
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Fig.  10  Force  and  moment  data  at  Uansonic  (M  =  0.9) 
and  supersonic  (M  =  1 .2)  speed  at  6°  anglc-of- 
attack.  Comparison  of  numerical  and  experi¬ 
mental  data. 

The  same  situation  holds  for  the  prediction  of  the  aero¬ 
dynamic  characteristics  of  missiles  done  by 
AEROSPATIALE  in  Fig.  11  for  M  =  2.6  at  10°  inci¬ 
dence.  The  configuration  shown  here  is  even  more  com¬ 
plex  than  the  previously  discussed  fighter  aircraft  gco- 
meU7.  Again  colours  are  used  to  distinguish  different 
levels  of  aerodynamic  loads. 


Fig.  11  Complex  missile  flowfteld  analysis  at 
AEROSPATIALE.  Euler  solution  at  M  -  2.6 
and  a  =  10° 


For  completeness  two  examples  are  given  for  the  appli¬ 
cation  of  Euler  analysis  of  a  two-stage-to-orbit  (TSTO) 
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space  tran^wrt  configuration  with  (Fig.  12)  and  without 
(Fig.  13)  upper  stage  ("oibiter")  at  transonic  Machnum- 
ber(M  =  0.9)anda=  10®. 
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Fig.  14  Euler  solutions  for  the  prediction  of  leading 
edge  vortex  flow  separation  at  slender  delta 
wing  configurations 


Fig.  12  Euler  analysis  of  a  TSTO-configuration  at  M  = 
0,9  and  a  =  10®  with  upper  stage 


Viscous  flow  simulation  using  Navier-Stokes 
solutions 


Fig.  13  Euler  analysis  of  a  TSTO<onnguration  at  M  = 
0,9  and  (X  =  10®  without  upper  stage 


In  both  cases  different  pressures  are  correlated  to  diffe¬ 
rent  colours  (red  =  high  negative,  blue  low  pressure  le¬ 
vel).  It  is  clear,  that  by  applying  CFD  codes  the  optimi¬ 
zed  integration  of  the  upper  stage  with  the  lower  stage 
can  be  achieved  in  much  shorter  time  than  by  experi¬ 
mental  investigations  which  can  afford  only  a  limited 
number  of  geometrical  changes.  The  question  of  the 
feasibility  of  safe  separation  of  both  stages  at  a  given 
Machnumber  has  to  be  addressed  in  a  similar  way  using 
again  (TFD. 

Finally  an  example  for  the  capability  of  Euler  solvers  to 
predict  the  effect  of  separated  flow  of  slender  delta 
wings  is  given  in  Fig.  14.  For  a  subsonic  Machnumber 
(M  =  0.4)  at  a  =  10®  and  zero  side-slip  the  leading  edge 
vortex  separation  is  shown  by  a  particle  tracing  postpro¬ 
cessing  jnoceduie.  In  addition  to  the  prediction  of  the 
overall  forces  and  moments  ( in  the  domain  of  nonlinear 
dependence  from  angle  of  attack)  interference  effects  of 
the  separated  vortices  on  controls  and  even  the  vortex 
burst  condition  have  been  studied. 


In  this  chapter  different  applications  are  referenced  to 
underline  the  power  of  CFD  to  investigate  specific  im¬ 
pacts  of  improved  accuracy  of  flow  simulation  models 
like  the  representation  of  real  gas,  turbulence  and  wall 
surface  properties.  First  in  Fig.  15  wall  stream  lines  on 
the  HERMES  reentry  vehicle  are  shown,  calculated  by 
Dasa-Domier  using  a  Navier-Stokes  analysis  code  for 
equilibrium  laminar  real  gas  flow  conditions  (M  =  10,  a 
=  30®  and  Rcl  =  2.15  10^.  These  results  are  compared 
with  experimental  data  obtained  from  the  wind  tunnel  at 
ONER  A  S4MA  with  deflected  flaps  by  10°  in  order  to 
validate  the  prediction  technique. 


Fig.  15  Navier-Stokes  equilibrium  real  gas  analysis  for 
the  HERMES  config.  I.O,  1/40  wind-tunnel 
model 


In  Fig.  16  another  example  is  given  from  the  RWTH 
Aachen  for  the  ^qiplication  of  a  Navier-Stokes<ode  with 
real  gas  representation  for  a  delta  wing  at  hypersonic 
speed. 
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viscous  effects  and  separation  has  to  be  taken  into  ac¬ 
count.  One  example  for  this  attempts  is  given  in  Fig.  18 
by  Dasa  Domier  for  a  station  wagon  car  model. 


Fig.  16  Simulation  of  hypersonic  flow  at  RWTH 
Aachen  using  Navier-Stokes  solution  with  real 
gas  effects 


The  next  application  deals  with  the  problem  of  the  in¬ 
teraction  between  the  wall  surface  and  the  flow.  Fig.  17 
shows  the  important  impact  of  heat  radiation  from  the 
surface  on  wall  temperature  for  an  isolated  delta  wing 
and  for  the  lower  stage  forcbody  lower  surface  centre 
line  in  x-direction  of  a  TSTO  space  transportation  sy¬ 
stem  (German  reference  concept  SANGER).  As  a  con¬ 
sequence,  similar  results  could  be  derived  for  the  impact 
of  the  resulting  wall  temperature  on  friction  drag.  This 
numerical  investigations  have  been  performed  at  DLR  in 
Gdttingen  and  at  Dasa  in  close  cooperation.  The  picture 
also  reveals  the  effects  of  transition  from  laminar  to  tur¬ 
bulent  boundary  layer  flow.  It  is  clear,  that  from  such 
detailed  information  on  the  wall  temperature  the  proper 
choiee  of  materials  and  structures  for  future  space  uans- 
port  vehicles  is  strongly  influenced. 


Fig.  17  Influence  of  flow-physical  model  assumptions 
on  the  prediction  of  adiabatic  surface 
temperatures 

Computational  design  tools  developed  for  aeronautical 
applications  have  been  used  frequently  as  "Fall-Out"  for 
development  and  design  of  car  models  to  achieve  geo¬ 
metries  having  low  drag.  Its  clear  that  for  this  purpose 


Fig.  18  Application  of  Navier-Stokes  numerical  flow 
simulation  for  the  development  of  a  station 
wagon  car 

Concerning  the  numerical  simulation  of  turbulence  an 
example  is  given  in  Fig.  19,  being  representative  for  the 
enormous  efforts  at  universities  in  basic  scientific  rese¬ 
arch.  The  figure  shows  the  results  obtained  at  the  Uni¬ 
versity  of  Stuttgart  for  the  instantaneous  high-shear 
layers  on  a  flat  plate  using  14.4  millions  grid  points  for 
the  numerical  solution. 


Fig.  19  Numerical  simulation  of  instantaneous  shear- 
layers  (Falkner-Skan-Boundary-Layer) 

Applications  for  high  angle  of  attack  aerodynamics 

High-Angle-Of-Attack  (HAOA)  aerodynamics  attack 
one  of  the  last  remaining  barriers  for  controlled  flight  - 
the  barrier  of  attached  flow.  It  is  a  key  to  improve  ma¬ 
neuverability  for  fighter  aircraft  (to  achieve  "Super- 
maneuverability")  and  to  improve  safety  of  civil  aircraft 
of  any  kind.  In  recent  years  several  fighter  aircraft  have 
demonstrated  the  feasibility  of  safe  and  controlled  flight 
in  the  so-called  "Post-Stall"  regime  (e.g.  HARV,  SU  27 
with  Pugatjev  Cobra-Maneuver)  and  even  in  a  steady 
mode  like  in  the  US/German  experimental  aircraft  X-31. 


Fig.  20  shows  the  result  of  the  HAOA  analysis  of  the  X- 
31  to  perform  supermaneuvers.  The  most  important 
(time-dependent)  flight  parameters  (alfa,  beta,  phi, 
speed,  pressures  and  altitude)  have  to  be  predicted  (first 
used  for  flight  simulators  on  ground)  and  then  verified 
in  flight 


Fig,  20  The  CFD-Challengc  of  HAOA  analysis  of  X- 
31  supermancuvers 

To  provide  such  efficient  and  reliable  prediction  tools,  a 
European  research  initiative  has  been  started  in  the  early 
eighties.  Fig.  21  shows  the  result  from  the  Industrial 
European  Programme  Group  (lEPG)  on  Task  15.  On  a 
simplified  modular  canard- wing-body  model  geometry, 
Euler  flow  simulation  of  canard-wing  vortex  flows  at 
HAOA  has  been  performed  and  validated  by  experi¬ 
ments  in  collaboration  of  several  European  countries 
(UK,  ML,  IT,  GE). 


Fig.  21  Euler  simulation  of  canard-wing  vortex  flows 
within  the  European  research  initiative  lEPG 
TA  15. 


The  combination  of  fighter  aircraft  flying  at  HAOA  and 
Missile  firing  leads  to  another  challenge  for  numerical 
simulation.  In  Fig.  22  the  result  of  such  an  investigation 
is  shown. 


Fig.  22  Simulation  of  missile  firing  at  HAOA  using 
Euler  solvers 


Advanced  project  development  related  applications 
of  CFD  and  supercomputine 

It  has  been  already  mentioned,  that  many  of  the  numeri¬ 
cal  techniques,  developed  originally  for  the  purpose  of 
aerodynamic  flow  simulation,  have  been  used  in  aero¬ 
nautical  indusuy  as  a  "Fall-Out  "  after  adequate  modi¬ 
fications  for  related  relevant  disciplines.  In  this  chapter 
some  of  the  most  spectacular  results  obtained  in  Europe 
will  be  referenced,  again  without  claiming  for  comple¬ 
teness.  Examples  are  given  for 

•  computational  electro-magnetics  (CEM) 

•  sonic  boom  prediction 

•  acroacouslics 

•  acroelastics 

•  icing 

Radar  cross  section  minimisation  technique  is  a  key 
element  for  survivability  of  military  aircraft.  Therefore 
numerical  prediction  techniques  are  used  to  a  large  ex¬ 
tent  for  improving  the  design  to  achieve  "Stealth"  capa¬ 
bility. 


Fig.  23  CFD  and  CEM  for  YF-22  prototype  analysis 
based  on  Dasa-Red-Team  assessment 
Fig  23  shows  the  geometry  of  the  YF-22  prototype, 
where  an  effort  war  undertaken  at  a  "Dasa-Red-Team" 
to  assess  CFD  and  CEM  characteristics  simultaneously. 


One  of  the  most  significant  and  critical  contribution  to  a 
large  radar  signature  is  the  engine  intake.  Therefore  the 
prediction  of  the  radar  cross  section  of  the  intake  and  its 
dependency  from  the  aspect  angle  is  a  mandatory  requi¬ 
rement  for  CEM.  By  using  this  techniques  extensively 
during  configurational  design  the  position  of  the  intake 
will  be  determined  and  often  this  is  finally  a  result  of  a 
trade-off  between  aerodynamic  functionality  and  radar 
reflection.  Fig.  24  gives  some  data  obtained  at  Dasa  for 
a  curved  square  to  circular  intake. 
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Fig.  24  Radar  signature  prediction  for  air  intakes  posi¬ 
tioning  and  design 

Since  the  renaissance  of  interest  in  supersonic  transport 
(or  even  hypersonic  flight  using  airbreathing  propulsion) 
there  is  a  renewed  interest  also  in  prediction  (and  mini¬ 
misation)  techniques  for  sonic  boom  patterns  on  ground. 
Using  Jameson's  airplane  code  recently  new  results  have 
been  obtained  at  Dasa  for  a  Mach  3  airplane  design.  As 
Fig.  25  demonstrates,  the  agreement  between  numerical 
data  and  the  experiment  is  surprisingly  good.  This  holds 
even  for  the  delta  Cp  pressure  signature  on  ground. 


Fig.  25  Sonic  boom  pattern  prediction  using 
Jamesons's  airplane  code 

Aerodynamic  noise  reduction  is  of  significant  public 
interest  in  all  countries.  This  poses  a  huge  challenge 
specifically  for  the  development  of  new  helicopters.  The 


present  situation  is  again  characten/ed  by  limitations 
due  to  approximate  models  and  no  coupling  of  the  flow 
field  with  the  acoustic  field.  But  there  is  hope  that  in  the 
near  future  this  deficiencies  might  be  overcome  by 
means  of  CFD  and  supcrcomputing.  Fig.  26  shows  some 
results  obtained  at  DLR  in  Braunschw  eig  for  the  prcdic 
tion  of  the  noise  levels  created  by  rotorblades. 


Fig.  26  CFD  for  the  prediction  of  noise  levels  created 
by  rotorblades  of  helicopters 


The  engineering  problem  of  the  coupling  between  aero¬ 
dynamics  and  suucturcs  (acrtKlasiics)  is  currently  cha¬ 
racterized  by  small  scale  approximate  interaction  pre¬ 
dictions.  But  real  time  coupling  of  the  aerodynamics  and 
suuctural  dynamics  will  be  addressed  more  and  more. 
Fig.  27  reports  on  the  results  obtained  during  recent  de¬ 
velopment  of  fighter  aircraft. 


Fig.  27  Acroelaslicily  -  a  challenge  for  supercomputing 
(Coupling  of  aerodynamics  an  structural  dyna¬ 
mics) 


The  last  example  in  this  chapter  is  of  great  importance 
from  an  aircraft  operational  point  of  view.  Flying  in  bad 
weather  environment  often  leads  to  aircraft  icing  condi¬ 
tions.  There  are  several  possibilities  to  get  rid  of  the  ice 
but  there  is  no  way  to  avoid  icing  at  all.  The  jwediction 
of  limc-dcpcndant  growth  of  rime  and  glace  ice  shapes 
based  on  the  determination  of  water  droplet  paths  and 


impingement  limits  is  a  very  well  known  techrique  view  on  the  needs  of  interdisciplinary  (concurrent)  engi- 

using  computing  tools.  Fig.  28  gives  some  results  oiaai-  neering  process  for  an  overall  optimized  prixluct. 

ned  for  droplet  paths  and  ice  shapes  for  the  Domier  Do 
328  wing  section. 


#  Oatarmination  ot  Orop>«t  Pttn*  #  Oatarmination  ot  (irrM-dapaoaani  Growth 
and  impingamant  Limits  Rcma  and  Giaca  lea  Shapat 


nirrw  Ic*  T  s  -1Q*C  Olaca  IcaT  0*C 


Oroplat  Patha 


Qiaca  lea  Shapa 
Dr  NLn-Mathod 


Fig.  30  Aircraft  design  and  optimization  methods 


Fig.  28  Water  droplet  paths  and  icing  on  Do  328  wing 
section 


It  can  be  stated  easily,  that  CFD  and  supcrcompuiing  is 
a  mandatory  requirement  in  concurrent  engineering.  The 
techniques  used  have  reached,  originally  starting  with 
computational  aerodynamics,  nearly  all  engineering 
disciplines.  Much  progress  has  been  achieved  in  the  past 
because  everyone  works  on  the  same  airplane  at  the 
same  time.  External  support  groups  are  working  as  con¬ 
sultants  only.  Fig.  29  defines  the  goal  to  be  reached  in 
performing  concurrent  engineering. 


To  conclude  the  following  staicmenLs  arc  made  : 

•  CFD  is  by  now  a  well-developed  and  accepted  tech¬ 
nology  in  Germany 

•  CFD  is  the  basic  design  tool  to  reduce  development 
risks  and  to  inuoducc  new  technologies 

•  Interdisciplinary  computational  capabilities  beyond 
CFD  arc  in  progress,  combining  CFD,  Structural 
analysis,  CEM,  IR-analysis  and  optimization  techni¬ 
ques 

•  Extensive  progress  has  been  achieved  in  mesh  gene¬ 
ration,  by  now  permitting  CFD  for  complex  geome¬ 
tries 

•  There  is  excellent  cooperation  between  universities, 
research  establishments  and  industry  in  joint  pro¬ 
grammes,  c.g.  hypcrsonics,  vortex  Hows,  laminar  and 
turbulent  flow 

•  The  use  of  supercomputers  of  all  kind  is  required  as 
intensively  as  possible  (affordable),  there  arc  pro¬ 
blems  related  to  investment  cost,  short  half  life  and 
change  in  architecture 

•  Complex  flows  at  complex  geomedies  demand  ge¬ 
nius  engineers  who  understand  the  complete  physics 
Progress  in  CFD  and  supercomputing  has  been  achie¬ 
ved  in  Europe  last  not  least  due  to  several  remarkable 
international  initiatives  (GAPTEUR,  lEPG,  Vortex 
Flow  Experiment  etc.) 


Progress  into  the  past  -  everyone  works  on  the  same  airplane  at  the  same  lime 
Support  groups  are  consultants  only 

Fig.  29  Concurrent  engineering  requires  mandatorily 
CFD  and  supcrcompuiing 

The  present  status  in  aircraft  design  and  optimization 
methods  is  still  characterized  by  limitations  due  to  nu¬ 
merical  models  and  limited  design/oplimizaiion  capabi¬ 
lities.  But  as  shown  in  the  paper,  there  is  significant  pro¬ 
gress.  The  development  of  highly  enhanced  numerical 
models  and  the  development  of  procedures  for  improved 
optimum  design  is  under  way.  Fig.  30  gives  a  schematic 
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SUMMARY 

Technology  readiness  and  available 
infrastructure  is  assessed  for  timely 
computational  simulation  of  concurrent 
engineering  for  propulsion  systems. 
Results  for  initial  coupled  multi¬ 
disciplinary,  fabrication-process,  and 
system  simulators  are  presented 
including  uncertainties  inherent  in 
various  facets  of  engineering 
processes.  An  approach  is  outlined 
for  computationally  formalizing  the 
concurrent  engineering  process  from 
cradle-to-grave  via  discipline- 
dedicated  work  stations  linked  with  a 
common  database. 

1.  INTRODUCTION 

Engineering  systems  are  presently 
developed  by  a  loosely  integrated 
procedure  where  the  assigned  tasks  of 
each  participating  discipline  are 
performed  independently  based  on  a 
curlding  block  approach.  A  typical 
example  for  a  liquid  propulsion  system 
*s  shown  in  Figure  1.  The  present 
system  development  process  is  usually 
based  on  a  series  of  ad-hoc  revisions 
on  an  as-needed  basis,  with  minimum 
interactions  among  participating 
disciplines.  The  system  adequacy  is 
then  assessed  based  on  extensive 
testing  at  sub-component,  component, 
and  system  levels.  This  results  in  an 
inadequate,  ineffective,  inflexible, 
and  costly  system  development  process. 
Clearly,  a  need  exists  for  a  new  way, 
concurrent  engineering  of  the  system 
development  process. 

Concurrent  engineering  is  usually 
described  as  simultaneous  processing 
of  all  participating  disciplines 
involved  in  the  total  system 
development  cycle,  largely  facilitated 
through  tiger  teams.  The  authors  view 
concurrent  engineering  as  the  process 
through  v;hich  all  participating 
disciplines  (from  cradle-to-grave) 
interact  concurrently  through  a  common 
catabase  to  develop  a  system  in  the 


minimum  time  frame  possible,  at  the 
lowest  cost  obtainable,  with  desired 
durability  and  quantifiable  risk/ 
reliability.  The  infrastructure  is 
available  for  computationally 
simulating  concurrent  engineering 
including  probabilistic  simulators  to 
account  for  all  the  inherent 
uncertainties.  The  objective  of  this 
paper  is  to  outline  an  approach  for  the 
computational  probabilistic  simulation 
of  concurrent  engineering  for  the 
multi-disciplinary  procedure  through 
which  propulsion  systems  can  be 
conceived,  designed,  developed, 
installed,  operated,  maintained,  and 
retired. 

2.  WHY  COMPUTATIONAL  PROBABILISTIC 
SIMULATION  OF  CONCURRENT  ENGINEERING? 

The  main  impetus  to  find  the  new/ 
better  approach  for  developing  systems 
in  today's  highly  competitive  market 
place  is  to  minimize  cost  and 
development  time  while  maintaining 
desired  product  durabrlity/reliability . 
Does  the  concurrent  engineering 
approach,  focussed  on  formation  of 
tiger  teams,  fulfill  the  required 
promise?  The  authors'  contention  is: 
the  process  of  concurrent  engineering 
needs  to  be  computationally  simulated, 
encompassing  probabilistic  aspects, 
i.e.,  including  uncertainties  at  all 
stages,  to  reach  the  true  minimum  cost/ 
minimum  time  benefits  while  maintaining 
true  system  durability/reliability.  By 
this  we  mean,  that  all  the  relevant 
information  from  all  the  participating 
disciplines  should  be  put  in  a  common 
database  and  be  accessible  to  all  the 
participants  concurrently  from  the  day 
one  of  the  process  inception.  Among 
many  benefits  such  as  first  hand 
consideration  of  all  relevant  cradle- 
to-grave  information  at  early  stages  of 
the  process  and  instantaneous 
availability  of  the  overview  of  all 
requisite  information  by  all  the 
participants,  this  will  ensure  that 
all  revisions  are  instantly  transmitted 
to  all  participating  disciplines  and 
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not  just  those  that  the  tiger  teams 
deemed  appropriate  as  influencing  the 
system  outcome.  Each  participant  can 
provide  information  on  the  variability 
their  discipline  will  allow  in  the 
appropriate  variables  along  with  the 
consequences  of  crossing  these  bounds. 
Such  a  network  will  minimize  the  need 
for  personal  interaction  in  form  of 
tiger  teams  and  thus  minimize 
parochial  conflicts,  while  maximizing 
the  flow  of  information.  There  will, 
of  course,  be  a  need  for  certain 
person-to-person  meetings  between  the 
management  and/or  the  discipline 
experts,  but  no  need  for  frequent 
(time  consuming  and  expensive)  tiger 
team  meetings. 

3 .  INFRASTRUCTURE  FOR  PARTICIPATIWG 
DISCIPLINES 

Clearly,  concurrent  engineering  for 
the  total  system  development/ 
operat ion/maintenance/ retirement  cycle 
is  a  complex  multi-disciplinary 
process.  The  formal  development  for 
computational  simulation  of  the 
concurrent  engineering  process  must 
(1)  build  on  infrastructure  already 
available  for  discipline-specific  and 
integrated /coupled  multi-discipline 
simulators  for  sub-components, 
components,  and  systems,  (2) 
concurrently  account  for  all  multi¬ 
discipline  uncertainties,  (3)  make  use 
of  available  computer  hardware,  and 
(4)  be  open-ended  for  evolving 
advanced  technology  both  in  software 
and  hardware  arenas.  Some  of  these 
computational  simulators  can  be  used 
to  demonstrate  in  a  limited  way  and  on 
a  specific  case  basis,  that 
computational  simulation  of  concurrent 
engineering  is  not  only  feasible  but 
timely.  This  demonstration  is  a 
testament  for  the  assessment  of  the 
readiness  of  the  methodology  for 
computationally  simulating  the 
concurrent  engineering  process.  The 
following  examples  are  selected  to 
illustrate  this  point. 

3 . 1  Structural  Tailoring  of  Engine 
Blades  -  The  aircraft,  the  engine,  and 
the  blade  along  with  current  design 
procedures  and  derived  design  results 
are  shown  in  Figure  2  (ref.  1).  This 
example  shows  that  the  computational 
simulation  permits  the  design  of  a 
blade  to  meet  system  (engine) 
performance  requirements  (ROI  -Return 
on  Investment)  in  considerably  reduced 
time.  The  design  defines  the  blade  in 
all  its  details  with  hot  and  cold 
configurations.  These  configurations 
can  be  transferred  to  numerically 
controlled  machines  to  fabricate 
blades  which  match  disk  assembly 
requirements.  In  addition,  structural 


performance-specific  values,  for 
variables  such  as  frequencies, 
displacements,  and  cyclic  strains,  are 
available  which  can  be  used  for  accept/ 
reject  quality  criteria  and  for 
verification  of  blade  designs. 

3.2  Multi-discipline  Tailoring  of 

Turboprops  -  The  turboprop  stage/ 
propeller  and  the  blade  internal 
structure  along  with  results  of  the 
various  participating  disciplines  are 
shown  in  Figure  3  (ref.  2).  The 
tailored  design  specified  the  internal 
construction  and  the  external  geometry 
of  the  turboprops.  All  the  details  are 
in  computer  files  which  can  be 
transferred  to  the  shop  to  fabricate 
the  blade.  The  fabrication 

requirements  were  formally  represented 
by  suitable  constraints  for  (1)  the 
type  of  composite  and  fiber  volume 
ratio,  (2)  ply  thickness  and  number  of 
plies  per  node,  (3)  type  of  spar,  (4) 
spar  shape  (5)  type  of  adhesive,  (6) 
cavity  geometry,  (7)  angle  of  sweep, 
(8)  twist  angle,  (9)  camber  and  (10) 
airfoil  geometry  tolerances.  Specific 
values  of  response  variables  are 
available  which  can  be  used  to  qualify, 
verify,  and  certify  the  turboprop. 
This  specific  example  illustrates  the 
multi-discipline  infrastructure,  beyond 
simple  CAD/CAM  that  is  needed  to 
develop  computational  simulation  of  the 
concurrent  engineering  process. 

3.3  Multi-Discipline  Tailoring  of  Fan 

Blades  -  A  more  sophisticated  coupled 
structural /Thermal /Acoustic /Electroma¬ 
gnetic  Simulator  was  used  for  tailoring 
the  composite  configuration  of  a  fan 
blade  subjected  to  multi-disciplinary 
service  loads.  The  results  in  Figure 
4  (ref.  3)  in-house  unpublished  notes) 
show  the  configuration  for  each 
discipline-specif ic  load.  The 

fabrication  tolerances  are  included  as 
constraints  on  the  thicknesses  for  the 
different  layers  and  on  the  external 
blade  geometry. 

3.4  Fabrication  Process  Tailoring  - 

The  simulator  shown  in  Figure  5  was 
used  for  tailoring  the  composite 
fabrication  process  (Figure  6)  for 
maximum  in-plane  loads  (Figure  7) 
ref.  4.  Though,  as  a  result  of  the 
fabrication  process  tailoring,  the 
tensile  load  did  not  change,  the 
pressure  consolidation  time  was  reduced 
by  at  least  30  percent.  And,  a 
processing  history  emerged  to  increase 
the  compressive  strength  by  about  50 
percent . 

3.5  System  simulator  -  The  simulation 
methods  for  discipline-specific  and/or 
component-specific  tasks  are  integrated 
to  simulate  entire  systems.  These 
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simulators  are  next  to  the  last  steps 
to  develop  computational  simulators 
for  concurrent  Engineering.  One  such 
simulator  is  implied  in  Figure  8  (ref. 
5).  The  next  level  of  simulation 
which  is  that  for  the  vehicle  is  shown 
in  Figure  9. 

4.  SIMULATORS  FOR  COMCURRENT 
ACCOUNTING  OF  MULTl-DISCIPLIME 
UNCERTAINTIES 

An  important  part  of  the  engineering 
process  is  an  accurate  assessment  of 
system's  reliability  and  risk,  most 
effectively  simulated  via 
probabilistic  methods  accounting  for 
the  uncertainties  at  various  stages  of 
the  system  development  process.  In 
absence  of  methods  to  treat  these 
uncertainties,  traditional  approaches 
rely  on  a  lump-sump  safety  factor, 
resulting  in  wasteful  and  inefficient 
overdesigns  with  increased  costs.  A 
methodology  is  under  development  where 
the  uncertainties  in  load,  structure, 
and  material  can  be  represented 
probabilistically.  The  corresponding 
uncertainties  in  the  structural 
response  can  be  quantified  which  can 
be  subsequently  used  to  assess 
component / system  reliability  and  risk. 
The  essence  of  the  method  is 
schematically  illustrated  in  Figure  9 
( ref .  6 ) . 

4.1  Damage  Probability  and  Total  Cost 
Simulator  -  Typical  results,  showing 
the  probability  of  damage  initiation 
risk  and  total  cost  vs.  fatigue 
cycles,  for  an  SSME  blade  are  shown  in 
Figure  10.  This  approach  can  also  be 
used  to  assess  improvements  in 
material  processing  versus  probability 
of  failure  and  cost  as  is  shown  in 
Figure  11. 

4.2  Benefits  of  Probabilistic 
Simulators  -  Accounting  for 
uncertainties  benefits  the  system 
development  process  by:  (1)  minimizing 
the  amount  of  testing  required  for 
qualification  and  certification,  (2) 
providing  information  on  fabrication 
parameters  which  have  negligible 
influence  on  system  performance  and 
reliability  leading  to  relaxing  of 
fabrication  tolerances  for  these 
parameters  resulting  in  cost  savings, 

(3)  relaxing  material  acceptance 
criteria  in  situations  where  certain 
material  characteristic  are 
insignificant  to  product  reliability, 

(4)  avoiding  the  need  for 
unnecessarily  high  safety  factor 
penalty  in  the  system  design,  (5) 
providing  a  quantifiable  means  for 
defining  the  chances  of  product 
survivability  in  real-life  service 
environments,  and  (6)  bypassing  the 


presently  emerging  concept  of  fuzzy 
theory  application  to  product  design  - 
since  quantification  of  uncertainties 
inherently  defines  the  acceptable 
product  performance  range  which  fuzzy 
theory  is  supposed  to  determine  by  the 
use  of  a  subjectively  determined 
quality  function.  This  function  can  be 
readily  represented  by  a  suitable 
segment  of  the  cumulative  probability 
distribution  function.  The  methodology 
readiness  to  account  for  uncertainties, 
reliability  and  risk  is  sufficiently 
mature  to  be  incorporated  in 
computational  simulation  methods  for 
concurrent  engineering  or  component 
assemblies  and  even  vehicles. 

Collectively,  these  specific  examples 
demonstrate  that  substantial 
infrastructure  is  available  and 
evolving  that  is  essential  to 
computationally  simulate  concurrent 
engineering  for  aerospace  propulsion 
components  accounting  for  uncertainties 
in  respective  variables. 

5.  AN  EMERGING  PLAN 

An  emerging  plan  is  described  as 
"integrate  software  packages  for  the 
computational  probabilistic  simulation 
of  multi-disciplinary  procedures 
through  which  propulsion  systems  are 
developed  (conceived,  designed, 
fabricated,  verified,  certified), 
installed,  and  operated.  The  plan  is 
shown  in  Figure  12  with  multi¬ 
discipline  facets  at  the  top, 
concurrent  engineering  computational 
probabilistic  simulation  at  the  center, 
and  simulated  system  evolution  at  the 
bottom.  This  software  system  will 
consist  of  (1)  work  stations  with 
discipline-specific  modules,  dedicated 
expert  systems  and  local  databases,  (2) 
a  central  executive  module  with  a 
global  database  and  with  communication 
links  for  concurrent  interaction  with 
multi-discipline  work  stations,  (3) 
unsupervised  learning  neural  nets,  (4) 
adaptive  methods  for  condensing  and 
incorporating  information  as  the  system 
evolves,  (5)  zooming  methods,  (6) 
graphic  displays,  and  (7)  computer¬ 
generated  files  for  computer-controlled 
fabrication  machines.  Also,  the 
appropriate  computer  hardware  needs  to 
be  available  and  configured  for 
specific  implementations. 

6.  CONCLUDING  REMARKS 

This  paper  briefly  describes  what  is 
the  state-of-the-art  of  the  concurrent 
engineering  process  in  terms  of  its 
necessity,  interpretation,  and 
implementation  for  the  system 
development  process.  An  infrastructure 
of  the  methodology/technology  readiness 
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for  the  probabilistic  concurrent 
engineering  process  is  diacuseed. 
That  infrastructure  includes 

demonstrative  examples  for 
materials/ fabrication/ structural 
response/tailoring  of  propulsion 
structures  via  integrated/ coupled 
multi-discipline  and  system 
simulators,  while  concurrently 
accounting  for  multi-disciplinary 
uncertainties.  The  results  of  these 
examples  clearly  demonstrates  that  the 
concurrent  engineering  process  must  be 
and  can  be  computationally  simulated 
and  is  timely.  Finally,  an  emerging 
plan  for  computationally  simulating 
the  concurrent  engineering  process  is 
described. 
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5-YEAR  MINIMUM 


Figure  1  -  Current  development  approach  for  liquid  rocket  propulsion 


STAEBL  -  •  STRUCTURAL  TAILORING  OF  ENGINE  BLADES 


CURRENT  DESIGN  PROCEDURES 
•WEIGHT  17  LB 

•  ROI  3.0% 

•  PROF.  MANYEARS  52  WEEKS 

STAEBL  DERIVED  DESIGN 

•  WEIGHT  16  LB 

•  ROI  3.3% 

•  PROF.  MANYEARS  1  WEEK 


Figure  2  -  Structural  tailoring  of  engine  blades 


STAT  -  -  STRUCTURAL  TAILORING  OF  TURBOPROP  BLADES 


BLADE  INTERNAL  STRUCTURE 


TURBOPROP  STAGE  AND  PROPELLER 


MULTI-DISCIPLINARY 
ANALYSIS  MODULES 

•  AOS  OPTIMIZER 

•  BLADE  MODEL  GENERATION 

•  AERODYNAMIC  ANALYSIS 

•  ACOUSTIC  ANALYSIS 

•  STRESS  AND  VIBRATIONS  ANALYSIS 

•  flutter  ANALYSIS 

•  1  P  FORCED  REPONSE 


TYPICAL  ANALYSIS  RESULTS 


INITIAL 

FINAL 

EFFICIENCY,  % 

82.86 

83.17 

NEAR  FIELD  NOISE,  OB 

143.8 

137.3 

WEIGHT,  LB 

41.1 

41.2 

OOC 

r  -  .853 

-4.201": 

Figure  3  '  Structural  tailoring  of  turbo  prop  blades 


(Mm.  Nodal  Tamp.  •  217.8*  n  (fundo.  traq.  •  66  epal 


Figure  4  -  Fan  blade  laminate  configuration  for  multi-disciplinary  tailoring 


Figure  5  -  Metal  Matrix  Laminate  Tailoring  (MMLT) 
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Figure  6  -  Fabrication  Process  Tailoring  Influence  on  the  Maximum  In-Service 
Load  for  PlOO/Copper  (0/90]  ,at  316°C 
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Figure  7  -  Tailored  Fabrication  Process  for  (0/90]  .Graphite/Copper  by 
Different  Objectives 
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Figure  1 0  -  Probabilistic  Simulation  of  Component  Reliability 


Figure  1 1  -  Probabilistic  Risk-Costassessment 
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Figure  12  -  Total  cost  for  improving  structural  reliability  quantified  in 
terms  of  quality  control 
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Figure  1 3  -  Proposed  plan  for  computational  simulation  of  concurrent 
engineering 


L 


FRAMEWORKS  FOR  INTEGRATED  AIRFRAME  DESIGN 


'-1 


by 


A.L.  Shaw 

Head  of  CAE  and  Technical  Computing 
British  Aerospace  Defence  —  Military  Aircraft  Division 
Warton  Aerodrome 
Preston 

Lancashire  PR4  1  AX 
United  Kingdom 


1 .  Introduction 


British  Aerospace  is  Britain's  largest  Manufacturing  Group. 
Products  cover  Defence  Systems,  Commercial  Aircraft,  Cars,  Civil 
Engineering,  Property  Development,  Construction  and  Project  Management. 

BAe  Defence  is  the  largest  defence  company  in  Europe  with  a  turnover 
of  £4.2  billion.  Exports  account  for  over  70%  of  sales.  Military 
Aircraft  Division  is  an  important  part  of  BAe  Defence  with  major  projects 
ongoing  centred  around  HAWK,  HARRIER,  TORNADO  and  the  European  Fighter 
Aircraft  EFA. 

2 .  Paperless  Aircraft 

The  'Paperless  Aircraft'  project  was  initiated  within  Military 
Aircraft  Division  during  the  1980's  with  the  major  aims  of  reducing 
costs,  improving  quality  and  compressing  the  aircraft  development 
lifecycle . 

In  order  Co  develop  an  appropriate  technology  base  a  thorough 
understanding  of  the  design  process  had  to  be  assimilated.  This  was 
achieved  by  developing  a  series  of  frameworks  for  integrated  airframe 
design  inclusive  of  all  disciplines  involved  in  the  product  definition 
lifecycle . 

The  project  spreads  across  many  areas  and  will  ultimately  run 
through  from  Electronic  Contract  and  Specification,  Concept  Design, 
Baseline  Standard  Aircraft  Definition  to  Automated  Detail  Design  through 
to  a  3D  digital  product  model.  Aircraft  manufacture  and  in  service 
support . 

Theoretical  Analysis,  Testing,  Flight  Test  and  Certification  are  all 
becoming  dependent  on  Computer  software  and  visualisation  of  results  is 
much  improved  particularly  in  terras  of  comparison  of  data.  This  is 
enabling  engineers  to  be  much  more  confident  in  their  designs. 

The  Management  of  data  in  a  complex  environment  is  also  an  issue 
covering  the  transition  from  2D  drawing  to  3D  model,  upstream  technical 
areas  and  downstream  Production  Engineering  through  to  manufacturing. 
Systems  are  being  developed  to  cover  these  activities  leading  to  the 
establishment  of  a  CITIS  (Customer  Integrated  Technical  Information 
Service)  covering  both  Technical  and  Business  Data. 

CITIS  is  part  of  the  MoD/DoD  requirement  for  implementation  of  CALS 
(Computer  Aided  Acquisition  and  Logistics  Support)  which  is  a  business 
strategy  to  introduce  Concurrent  Engineering,  establish  international 
standards  and  develop  integrated  logistics  support  systems  based  on  a 
digital  definition  of  the  product. 
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The  transition  to  a  'Paperless'  environment  is  a  key  initiative 
being  taken  on  by  the  worlds  leading  Aerospace  Companies  as  a  new  way  of 
doing  business  in  the  1990's. 

For  the  future  MAD  intends  to  continue  implementation  of  'Paperless' 
concepts  with  emphasis  on  the  introduction  of  Concurrent  Engineering  for 
its  major  projects  particularly  EFA.  It  is  putting  into  place  the 
necessary  organisation  changes  and  investment  in  technology  to  achieve 
effective  generation  of  the  product  models  and  management  of  data  across 
the  multi -function  teams. 

3 .  Concurrent  Engineering 

Concurrent  Engineering  is  being  implemented  as  part  of  the  Company's 
business  plan  to  reshape  the  organisation  and  reduce  the  product 
lifecycle.  The  tools  developed  for  the  electronic  'Paperless' 
environment  provide  the  enabling  technology  to  make  this  happen. 

Concurrent  Engineering  is  a  business  strategy  to  re-organise  people 
into  integrated  multi- function  project  teams  utilizing  Computer  Aided 
Engineering  tools  as  the  enabling  technology.  The  objective  is  to  reduce 
timescales  and  Improve  quality  by  moving  from  a  sequential  series  of 
operations  to  a  more  product  focused  environment  which  will  allow 
simultaneous  activities  to  be  properly  co-ordinated. 

During  the  late  1980's  two  projects  have  provided  a  basis  for  MAD's 
implementation  of  CE.  These  are  the  'Hawk'  competitiveness  programme  and 
the  'Paperless  Aircraft'  project.  Both  these  activities  concentrate  on 
the  requirements  for  CE  with  emphasis  on  'Organisation'  and  'Technology'. 

The  Hawk  project  aimed  at  a  reduction  in  cycle  time  for 
pre-production  activities  and  a  better  design  definition  by  involvement 
of  all  functions  operating  as  a  team  from  the  outset.  This  approach  was 
adopted  on  the  T45  GosHawk  wing  project  and  demonstrated  both  reduced 
'makespan'  and  significantly  less  change  in  manufacture. 

Rviilding  onto  this  experience  is  the  development  work  on  the 
'Paperless  Aircraft'  utilizing  3D  solids  to  define  product  models  which 
enable  clear  visualisation  to  be  achieved  at  an  earlier  stage  in  the 
design. 

These  product  models  provide  centralised  databases  for  major 
projects  and  are  being  used  for  the  creation  of  digital  mock-ups  for  EFA, 
Harrier  and  Hawk. 

The  new  techniques  have  been  used  to  good  effect  on  each  of  these 
projects.  On  EFA  the  Wing  and  centre  fuselage  fuel  volumes  were  created 
as  solid  models  and  the  resultant  wing  volume  was  within  2%  of  the  figure 
obtained  by  filling  the  actual  wing  with  fuel. 


For  the  Harrier  the  pitch  control  system  was  modelled  together  with 
surrounding  structure.  Then  using  Kinematics  a  fully  working  mechanism 
was  defined  thus  enabling  a  successful  audit  to  be  achieved  prior  to 
commitment  for  manufacture. 

In  addition  to  the  above  in  August  1991  a  Concurrent  Engineering 
team  was  set  up  for  the  EFA  single  seat  aircraft  front  fuselage  to  fit 
the  full  avionic  suite  in  the  radar  bay. 

The  major  areas  of  re-design  were  modelled  and  completed  in  March 
1992  and  have  resulted  in  a  clearer  definition  of  structural  and  systems 
assembly  requirements  in  a  highly  complex  area  of  the  airframe . 

This  has  had  a  significant  impact  on  the  planning  process  providing 
a  much  better  insight  into  understanding  the  downstream  activities 
necessary  to  achieve  build  at  an  earlier  stage  in  the  design.  To  date 
detail  manufacture  necessary  for  the  fitting  of  the  avionics  boxes  which 
include  machined  items,  flat  and  formed  parts  and  pipes  have  all  been 
made  without  the  need  for  any  design  changes. 

The  whole  of  the  'radar  bay'  structure  as  defined  by  the  3D  solid 
model  has  been  built  with  only  a  small  number  of  engineering  changes  due 
mainly  to  assembly  mismatches. 

MAD  is  now  turning  its  attention  to  the  training  required  for 
Concurrent  Engineering  centred  around  the  need  to  deve’  p  broader  =kill 
based  'Design  Engineers'  rather  than  single  disciplines.  These  engineers 
will  be  supported  by  specialists  who  will  have  in  depth  functional  based 
skills  together  with  enabling  technology  'tool  set'  expertise. 

Product  Definition 


Current  activities  are  leading  towards  CALS  compliance  with  the 
adoption  of  STEP  ISO- 10303  when  available. 

For  new  design,  product  definition  is  developed  on  CATIA  as  a  3D 
master  model  which  also  serves  on  some  projects  as  an  'Electronic 
Mock-Up' . 

Electrical  wiring  definition  is  achieved  via  'in  house'  developed 
systems : - 

BCAWD  -  BAe  Computer  Aided  Wiring  Diagram 

BCAPE  -  BAe  Computer  Aided  production  Electrical. 

These  systems  cover  schematic  wiring  diagrams  and  wire  data 
respectively  and  are  compatible  with  'European'  standards. 

Integration  of  engineering  and  technical  data  is  to  be  achieved  by 
development  of  a  new  Data  Management  System  CAEIMS  -  CAE  Information 
Management  Service.  This  will  eventually  form  the  infrastructure 
necessary  to  transform  data  from  different  systems  into  a  CITIS 
environment . 


Definition  of  Product  Structure  is  via  a  number  of  mainframe  systems 
which  are  part  of  the  company  'Overall  Business  Architecture'. 

Essentially  'Bills  of  Material'  are  produced  on  the  Design  Product 
Definition  System  -  DPDS .  Configuration  Control  is  achieved  via  CMS  - 
Change  Management  System.  Both  systems  are  compatible  with  European 
Standards  in  terms  of  the  AECMA  ABC  guidelines. 

There  is  a  proposal  to  bring  this  standard  into  line  with  STEP  and 
this  is  being  considered  by  the  AECMA  Technical  Industrial  Commission. 

The  Procurement  and  Management  of  Aircraft  Ground  Equipment  is 
controlled  by  another  'in-house'  developed  system  PAMAGE.  This  is  used 
by  Partner  companies,  MoD  and  Rolls-Royce.  It  is  the  intention  to  make 
this  system  compliant  with  MIL- STD- 1840A  for  automated  data  interchange. 

For  the  future  'Image  Distribution'  is  being  considered  as  a 
replacement  for  microfilms  and  a  pilot  project  is  in  progress  on  the 
HAWK.  Documentation  is  also  being  reviewed  on  HARRIER  to  determine  the 
feasibility  of  converting  Stress/Aero  calculations  to  electronic  storage. 

There  is  considerable  customer  interest  in  this  area  and  provided 
this  continues  compliance  with  relevant  CALS  standards  will  be  achieved. 

Data  Management 

The  main  elements  required  to  control  data  will  be  covered  by  the 
development  of  a  new  system.  CAEIMS  -  CAE  Information  Management 
Service , 

This  will  provide  a  'Kernel'  for  marshalling  data  from  the  Company's 
data  bases  to  the  appropriate  usage  point  'in-house'  and  to  external 
customers/suppliers/sub-contractors  via  a  CITIS  gateway. 

The  principles  being  addressed  are:- 

o  Data  configuration  control 
o  Electronic  approval/Release  Cycle 
o  Visibility  of  data  associativity  and  audit  trails 
o  Data  availability  within  access  control  parameters 
o  Data  flow  control  and  automated  interchange 

For  the  exchange  of  data  with  external  customers  development  is 
aiming  towards  CITIS  which  will  provide  standard  communication  to/from 
the  customer  and  data  conversion  to  CALS  Standards/Communication 
protocols . 

Architecture  and  user  access  are  being  considered  together  with 
issues  yet  to  be  resolved  relevant  to  the  commercial  implications  of 
CITIS  and  development  of  the  final  specification. 
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Conclusion 


The  development  of  the  integrated  airframe  design  process  has 
progressed  naturally  by  proving  its  worth  relevant  to  business  need 
together  with  being  able  to  respond  rapidly  to  more  and  more  demanding 
project  requirements. 

As  the  Aerospace  business  evolves  the  need  for  highly  efficient 
design,  analysis,  optimisation  and  rapid  prototyping  techniques  is 
becoming  even  more  critical  to  achieving  the  competitive  edge  necessary 
to  operate  successfully  in  world  markets. 

MAD  has  faced  this  challenge  and  intends  to  maintain  and  Improve  its 
position  as  one  of  the  world  leaders  in  the  field  of  Military  Aircraft 
design. 


INTRODUCTION 


•  BAe  Defence 

•  Paperless  Aircraft 

•  Concurrent  Engineering 

•  Product  Definition 

•  Data  Management  &  Exchange 


Figure  1 
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DEFENCE 


•  BAe  Defence  is  the  largest  defence  company 
in  Europe 

•  Military  Aircraft  Division  is  an  important  part 
of  BAe  Defence  with  major  export  contracts 

•  Principal  products  are  HAWK,  HARRIER,  TORNADO 
and  the  new  European  Fighter  Aircraft 


EFA 


Figure  2 


PAPERLESS  AIRCRAFT 
•  Initiated  in  the  1980's 


Business  Objectives 


•  Reduce  costs 

•  Improve  quality 

•  Compress  the  aircraft  development  lifecycle 

♦ 

improve  Business  Performance  I 

Current  and  Future  I 


Figure  3 


PAPERLESS  AIRCRAFT 


Technology 


•  Establish  a  'Digital  Master  Product  Model' 

•  Develop  integrated  systems 

•  Provide  effective  data  management 

•  Implement  Concurrent  Engineering 


Integrated  Airframe  Design 


Figure  8 
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CONCURRENT  ENGINEERING 


Business  Drivers 

•  Reduce  prcKluct  lifecycle 

•  R«shap«  die  orgenisation 
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Organisation  Enabling  Technology 


HAWK 

Competitiveness  Program  Paperless  Aircraft 
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CONCURRENT  ENGINEERING 
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PILOT  -  PROJECTS 
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Organisation 


T45  Goshawk  Wing 


Enabling  Technology 


EFA  Front  fusalaga 
Avionics  fit  in  radar  bay 


Figure  12 


CONCURRENT  ENGINEERING 


Lessons  Learned 


•  Need  to  re-profile  investment 

•  'Up  Front'  design  requires  more  time 

•  Co-locate  the  team  or  provide  virtual  co-location 

•  Lifecycles  must  be  synchronised  —  eg.  SYSTEMS/AIRFRAME 

•  Data  management  is  essential 


For  the  Future 


•  MAD  will  introduce  CE  on  a  wider  scale 

•  Organisation  is  being  put  into  place 

•  Enabling  technology  investment  plans  are  being  revised 
to  meet  the  new  business  environment 
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PRODUCT  DEFINITION 


Airframe  Design 


CFD/Navier  Stokes  —  Wind  tunnel  results 
PATRA^/NASTRAN  —  Structural  test  results 
CATIA  —  30  master  model/slectronic  mock-up 
Anvil  -  Mechanical  CAO/CAM 
BCAWD/BCAPE  -  Electrical  CAO/CAM 
OPDS  —  Product  Structure/Bill  of  Material 
CMS  —  Change  Management 


System  Design 


•  Software  -  COR^CO/HOOD/ADA  IPSE  \  SimulatioiV 

•  Hardware  —  Specifications  —  Test  rig  results  '  Analysis  Models 


Flight  Test 


•  Comparison  of  —  Airframe/Systems 
Results  ^ 

Overall  Business  Architecture 


•  Aerodynamics 

•  Structures 

•  Design 


Figure  14 


PRODUCT  DEFINITION 


Current 


•  Product  Structure  (DPDS) 

•  Change  Management  (CMS) 

•  Electrical  CAD/CAM 

•  Mechanical  CAD/CAM 


Future 


STEP  -  CALS  STANDARD  ISO  10303  /  EN30303 


Figure  15 
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PRODUCT  DEFINITION 


Future 


Image  Distribution 


•  Drawing  Set  (currently  microfilmed) 

•  Documents  (currently  paper) 


>  Raster  Graphics 
MIL-R-28002 


Ground  iLiquipment 


•  PAMAGE  (Process  &  Management  of  AGE)  — ^SGML 

MIL-M-28001 


Configuration  Control  I 

•  Customer/Contractor/Supplier  integration 

♦ 

Functional  Design  Build  Standard 
Customer  Configuration  Control  System 


STEP 

MIL-STD-1840A 


Figure  16 


DATA  MANAGEMENT 


•  Development  in  progress  of  CAE  IMS 


CAE  Information  Management  Service 


•  Will  provide  a  'Kernel'  for  marshalling  data  to  and  from 
company  data  bases 

•  External  Customer^Suppliers/Sub-Contractors  will  access 
via  a  CITIS  gateway 

•  CAE  IMS  will  provide  access  control  to  engineering  data 

•  Data  conversion  to  CALS  standards  and  communication 
protocols  will  be  carried  out  on  a  project  requirement  basis 

Figure  17 
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DATA  MANAGEMENT 


Important  Issues 


•  Data  configuration  control 

•  Electronic  approvaf/release  cycle 

•  Visibility  of  data  associativity  and  audit  trails 

•  Data  availability  within  access  control  parameters 

•  Data  flow  control  and  automated  interchanges 

Figure  18 


OUTSIDE  WORLD 
CALS  AECMA  ATA 


Figure  19 


CONCLUSION 


Integrated  Airframe  Design  developed  to  meet 


Business  Needs 


Investment  will  continue  for  specific  project  requirements 


BusiMSs  EiNilirtlofi 


Analysis,  OpBntlsatlofi  and 


MAD  has  faced  the  Challenge 


Figure  20 


Integrated  Airframe  Design 


Figure  2 1 
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Summary 


conleninieni  of  cusunner*'  (esicrnal  as  vscll  as  ititcrnal) 


The  paper  presents  in  the  first  part  some  ideas  for  insesligation 
and  improvements  of  development  prcxesses.  Typical  prcxresses 
are  shown  using  the  SADT-technique  and  a  prtvess  flow  dia¬ 
gram  In  the  second  pan  a  redesigned  prixess  chain  for  the  de¬ 
sign  and  manufacturing  of  complex  composite  pans  is  explai¬ 
ned.  Two  examples  show  the  functionality  of  the  new  devel  -p  .! 
constructive  design  model  for  this  process 

I.  Introduction 


optimi/ed  interdisciplinary  processes  i  network  of  different 
proeess  cliainsi  with  reduced  cycle  times  tnd  costs  and  ada- 
quaie  qualiii 

economic  use  of  human  and  material  ressourecs  isialf, 
machines  hardware  and  software  uhiIsi 

flexible  organization  models  and  methodologies 


Present  and  future  high  performance  aircraft  designs  wilt  be  cha¬ 
racterized  by  increasing  complexity  which  involves  for  example 
that  the  weight  and  the  costs  (e  g.  development  and  life  cvcle 
costs)  are  dominated  by  non-slruclural  parts  such  as  systems  for 
guidance,  survey,  flight  control  etc.  with  a  huge  amount  of  elec¬ 
trical  lines.  Another  iinortant  fact  is,  that  the  customers,  that 
means  airforces  and  airlines,  are  not  willing  and  able  to  pay  any 
price  for  a  product,  which  is  indeed  technological  top,  but  the 
ny-away  price  and/or  operating  costs  are  uxi  high  1  hese  points 
must  lead  to  some  changes  of  goals  and  strategics  in  aircraft  de¬ 
veloping  companies,  which  have  to  be  considered  Thus  it  is  first 
necessary  to  identify  the  features  which  are  essential  for  a  suc¬ 
cessful  marketing  and  development  of  a  prixiuct  (F  ig  I ): 


Cuslomers 


PriKes.ses 


Res.sources/ 

Organi/atiuns 


Fig.  I :  Essential  features  for  succesful  marketing  and 
development  of  products 


The  next  step  is  to  examine  the  existing  siiu.ition  and  prtxesses 
and  to  define  priorities  and  goals  for  imprin  emenis  (e  g  rediietitm 
of  development  time  and/or  costs  by  dOT  ).  Very  useful  In  this 
phase  is  Ivnehniarking.  that  means  realistic  comparison  of  the  pro¬ 
cesses  with  those  of  partners  and  conipemors  ("best  in  class  ) 

After  that  a  "redesign,"  or  more  effeerive  a  "rethink '  (e.g.  jusi-in 
time  meihixlologies)  of  prix  esses  and  methodologies  must  hapixin 
followed  by  a  realistic  implementation  plan  of  the  new  ideas. 

The  furher  content  of  this  paper  is  limited  to  pnxess  aspects  and 
will  suggest  first  a  melhixiolog,  how  to  mixlcl  interdisciplinary 
aircraft  development  prixesses  and  the  related  pnxluel  data 

With  a  special  example  the  redesign  of  an  existing  sequential  de¬ 
sign  and  manutaeluring  pnxess  chain  for  complex  composite  skin 
structures  into  a  highly  paralleli/ed  and  time  reduced  development 
prtxess  is  shown. 


2.  The  aircraft  development  process 

Since  a  few  years,  at  Deutsche  Aerospace  (DASA)  aircraft  engi 
neering  department  some  projects  were  started  to  improve  the  de¬ 
velopment  prtxesses.  Although  much  of  the  prtxiuct  design  has 
been  automated  by  CAD/CAM  and  other  tools  and  product  and 
engineering  data  has  become  a  great  deal  more  accurate,  the  ove¬ 
rall  productivity  of  engineering  has  not  much  improved  because 
the  processes  have  not  much  changed. 
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During  the  last  month,  detailed  investigation  of  existing  pro¬ 
cesses  and  data  flows  have  took  place  in  order  to  find  poten¬ 
tials  for  improvements  like 
unnecessary  iterations 
double  activities 
breaks  in  data  structures 
management  of  data  and  informations 
no  value-added  processes 
bureaucracy. 

To  identify  the  problems,  different  views  on  the  product  and 
on  the  process  are  neccessary  For  a  complete  product  model 
a  hierarchic  decomposition  of  the  aircraft  structure  (Fig.  2) 
must  be  done  in  order  to  know  the  interdependencies  and 
transmissions  of  informations  between  the  different  parts  and 
objects. 

I  Aiictaft  I 

, _ , _ 

(  Su^lure  I  [  Sysh  ~  | 

[  Wtiig  1  [  I  {  AvHMUci  I  [  Hiigincs 

Skin  I  I  tnicni  sum,  lute  | 

[  1 


Fig.  2:  Rough  product  structure  of  an  aircraft 


Fig.  3b:  Main  activity  diagram 

Starting  with  this  IDEFO  or  ARM-model  I  Application  Referen 
ce  Model)  a  data  model  (IDEFl  or  AI.M  =  Application  Infor 
maion  Model)  can  be  derived  in  the  next  step  With  that  a  pro¬ 
duct  model  of  parts  or  assembled  structures  or  -  in  the  future  - 
of  a  complete  aircraft  can  be  developed  These  models  contain 
in  a  standardized  format  (e  g  STEP  =  STandard  for  the  Ex¬ 
change  of  Product  Data)  all  relevant  data  and  informations  for 
the  product  development  process  and  every  participant  of  the 
process  •  from  the  first  idea  until  to  the  recycling  of  the  aircraft- 
can  use  those  data  with  the  tools  which  are  necessay  in  the  cor¬ 
responding  life  cycle  phase. 


Directly  connected  to  a  certain  part/object  is  its  design,  manu¬ 
facturing  and  assembly  process  with  the  attached  relevant 
data . 

As  a  method  for  the  functional  modelling  of  complex  pr<x.'es- 
ses  the  tool-supplied  SADT/IDEFO  -method  (Structured  Ana¬ 
lysis  and  Design  Technique)  was  used.  In  Fig.  .3  two  levels 
(Context  and  main  activiety  diagram)  of  typical  aircraft  busi¬ 
ness  prcK-esses  are  show  n.  (To  get  all  necessary  informations 
about  the  processes  inputs,  output',  ressources  and  control  pa¬ 
rameters,  a  structured  questionnaire  has  to  be  developed  ) 


To  include  finally  the  process  lime  in  (he  irnesiigations  in  order 
lo  identify  pi.itentials  for  parallelizing  of  actis  iiies,  process  flow 
diagrams  (PER'f-diagrams)  and/or  OANT  diagrams  can  be 
used.  An  example  of  the  X.f  1  -Wing  predesign  privess  is  shown 
in  Fig.  4. 
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Fig.3a:  Context  diagram 
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F'B-  4:  Process  flow  diagram  ( predesign) 

In  the  following  chapters  a  redesigned  piocess  chain  for  the  de¬ 
sign  and  manufacturing  of  complex  composite  parts  is  explai¬ 
ned.  It  is  a  realization  of  an  integrated  process  that  links  simul¬ 
taneously  relevant  design  parameters  and  manufacturing 
informations  and  generates  at  the  design  level  a  part  program 
that  can  directly  be  post- processed  into  NC-data  for  a  tape  ap¬ 
plication  machine  As  a  common  product  data  model  the  the  di- 
minsional  geometric  data  (e  g.  CATIA)  are  used  1 1,2|. 


3.  Process  chain  fur  composite  structures 


In  aircraft  design,  requirements  concerning  failure  safety,  vi 
bration  behaviour,  aercxlynamic  and  aeroelastic  structural 
properties,  stability  (buckling),  manufacturing  etc.  have  to  be 
considered  in  the  development  process.  At  the  same  time  a 
minimal  structural  v»eight  and  low  production  costs  should  be 
achieved. 

I  he  system  layout,  i.e.  the  topology  and  ihe  shape  of  the  com¬ 
ponents.  as  well  as  the  choice  of  material. types  and  the  mate 
rial  layout  (e  g.  ply  disinbuiion  and  fiber  onentations  of  com¬ 
posites)  have  to  be  determined  considering  the  multiple  and 
extremely  complex  correlations  mentioned  above  Siruciiiral 
opiimi/ation  methixls  are  \ery  useful  in  order  to  solve  such 
design  ia‘ks  much  faster  and  much  nu»re  efficient  than  it  can 
bv*  diuie  1h  cniiveniumai  solution  concepts  [.^.4|  Addiiionallv 
tliev  make  it  posvihio  achieve  technically  and  cctuiomicallv 
optimal  designs 

Within  an  structural  opiimi/ation  process  structural  analysis 
me^hlH^^.  maihemaiicai  optimi/atuni  algorithms  a-  well  a>  an 
opiimi/aiion  mixlel  are  combined  in  a  control  Uxip  to  s.iKe  a 
design  task  (4.5],  The  design  task  is  fonnul.ued  by  the  npiimi 
/ation  nnxiel.  which  contains  a  design  nunJel  describing  the 
design  freeiloms  and  an  evaluation  nuHlel  describing  the  ob¬ 
jective  I'unclionls)  and  the  constraints 


3. 1  C  ontrol  l.tKip  ot  the  Optinil/alion  PnKevs 


In  Older  to  deal  wuh  v'ptimi/aiion  problems  in  the  sfrocfural 
design  priKess.  a  pr^vedure  lollowing  the  Three  (\'lumns 
Concept  '  14.51  seems  nmsr  suitable,  l-ollowing  this  concept, 
the  sokiiion  pnvedure  is  divided  in«'  the  three  columns' 


I I  Structiira!  model, 

il  I  ( )plimi/aiii 'n  iiuhIcI  arul 

III  I  ( ))>inni/.iiion  alcoi iihin 


I  he  ■'ini',  uiral  design  pr<>b!ent  is  m.i!fiemativ....y  ilcs^nhed  as 
tolK»w  s 

bfiirr.il  N<iiilinf;ir  (Vidiitiii  iNt  I'l 


iMifnfiii/’f;  li\}  i-'l'ic'i  nv<' liitu  ii'ml 

t  ti)  '  0  1 11’^  I  oiisfr.iitiKl 

t'‘0  '  0  ajij-llllv 

‘  ■  'y  i;u!  ti|»|v'  \Cl 

!.  <  l!«  sly'M  V 

I  his  problem  lorinulaiion  is  v.inicd  oui  b\  the  optmn/ainHi 
iiiinlel  which,  among  tniicrs.  >  divided  into  a  design  .uui  an 
cvahiatioii  nuKlci  Hie  des  gii  iiuhIcI  defines  tlic  relationship 
'■ 'ween  ilie  siruciur.tl  variables  ana  the  design  variables 
Strt.'v  fur.’!  '.inables  are  /’hysieal  p.irameters.  eg  cr»>ss  sec 
iiiMis.  t  ber  orieniaiioiis  eiv  (he  opnnial  values  o!  which  have 
U’  Ix'  <lctermined.  while  ilie  design  variables  represent  the  ma 
ihematk  a!  quantities  which  arc  pnxessed  hv  the  optimi/atu»n 
.ilgontlim  by  me. ins  ol  the  evaluation  mixlei.  it  is  defined 
which  si.iie  t|uanii(v  of  the  simciure  is  to  be  mmimi/ed  and 
which  c<*nd!iions  or  uliimaie  values  are  to  be  consulcred  fur 
the  other  state  quantin  -s.  'Tlnis.  the  optimi/ation  nuxlel  is  the 
niaihemaiical  description  of  the  siautural  ilesig  '  task.  I  vir 
that  reason,  the  optmu/ation  nuxlel  is  of  special  n:.{X*rtancc. 
sirxe  a  truly  optimal  soIu.kmi  can  (»n!)  be  achieved  bv  tom 
pletely  and  accurately  defined  vlesign  (ask  which  considers  all 


demands  on  the  structure.  The  structural  nuxlel  supplies  a  nu 
thematical  descnption  of  the  physical  behaviour  of  (he  stjuciure 
u.sing  appropriate  state  variables  ,e,g  aenxlynamic  pressure, 
stresses,  stains,  eigenvalues  and  eigenmodes,  aeroelastic  eifi 
cicncies,  flutter  spee<ls.  shear  strains  of  prepreg  tapes  etc  i 
which  depend  on  the  structural  variables  (shape,  cross-sections, 
ply  disiribulion,  prepreg  courses  etc.i  For  complex  systems  ihc 
structural  nuxlel  includes  different  analvses  nuxicK  .*nd  - 
pnx’edures  (e  g.  aerodynamic  ^-anel  nuxlel  finite  element  mo 
del.  manufacturing  model  etc  ) 

An  optimization  algorithm  is  a  maiheniaiii.al  pnxedure  for  so! 
ving  the  problem  defined  by  equation  (!)  \Vuh  structural  opti 
mization  problems  there  usually  is  a  nonlinear  reiationship  bci 
ween  the  behaviour  functions  (objective  and  constraini 
fiiuctuHisi  and  the  design  variahiev  Because  t>f  ihis  nonlineari 
ly.  the  problem  ( 1 )  cantu>!  he  sol  veil  exphci’ly  but  oniv  Iv  using 
an  iterative,  numerical  p^cxe^s.  I  nr  dial  purpiosc.  severa!  opn 
mi/aiion  algonthms  with  different  solution  strategies  have  fx'en 
developed  ilunng  the  last  decades  1  xperience  s!k>ws  ihai  die 
etliciencv  and  robustness  of  these  algorithms  ohen  titq'cnd  on 
the  given  problem  Therefore,  it  is  advantageous  to  tiave  inoic 
than  one  algvuethm  avaiablc  to  be  able  Ji,H>se  die  one  whiJi 
IS  most  suilal'le  lor  a  given  pi\*blem 

Tig  sfu>ws  (he  imer.Klioii  of  die  d'rec  Ciihimnv  i".  ou*  >  p.o 
mi/.it:on  hxvp 


Hg.  5:  Optimization  hxip 


3.2  I  he  lonsirmtive  design  model 

Ihe  f\isK  ideas  of  die  .o-:  i:  ki.-.e  ili.  ocn  ’O'sh-''  .  niprt.'hi-’ 
die  geomeinca!  m*H!e;:''i’  -e  'tr.u  ! ;v e  Ijvi'-.e  eu'  •••-• 

signment  nf  vlesien  v.tfi  '''ies  \  :«'!!ie  .  >  -is  r  .v ■  c  e'’ t,  • 
instead  o!  the  ana'vsis  v.iiMble'  "t  .m  .in.dvsM  nusic,  \iui 
delermini:-e  the  '.ori-struvOve  r.u.tmciers  /.  iron  I'  c  v.i 

ri.ibles  x^  the  complete  konsu ui.  ir. I.o*  ii  fx*  dt  lern  rX'l 
I  he  a^al\sl^  van  ml^-s  .r  iheiittereni  .inalv  siv  -u'  k!c1''  dicn  !< ', 
low  from  the  uleali/aiion  of  die  ^ onviru*.  !iv e  Livou!  I  c  i 
bi 

Apart  from  rhe  mathem.ttu.d  ;n«>,lel  “t  the  ^  oristi  :.k  iiv  e  Liv.-mI, 
this  pnxedure  requires  unique.  m.nhematK a!! v  defined  rule'' 
and  pr«xedures  tor  defermining  die  analvNis  v  irkibies  t.*r  ihe 
varunis  analvsis  nuxlels 
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Kig.  6:  a)  Principal  functions  of  a  constructive  design 
model 

b)  Determination  of  the  anal>sis  variables  of 
different  analv sis  models 

Consiruwivc  dcMgn  nuKiels  have  the  lollovsing  advaniaces: 

“  direci  and  unique  dc>cnp(ion  ot  c(^^^tru«.luc  layom 

•■>  opuni/aiion  results  ean  be  uttli/ed  directly. 

>  m»  talsif icaiii>n  ot  the  results  bs  nanNtormmg  l  b. 

prt>peries  int<i  a  constructive  layout. 

•>  n-.anufactunng  and  ctin>tructive  constraints  can  K*  fv»riTui 
lated  fnaiheniatiaclly  and  cimsidered  in  the  optinu/.uion. 
■>  higher  acceptance  of  structural  optinu/ation  in  practkc 

*  design  definition  independent  of  the  anal) sis  model 

•  multido^  iplinarv  opiinii/.ifum  w  iih  ditfercnt  anal\ nin 
nu*deU  c.m  K-  ^.arrieil  (UJi. 

analssis  in*Kiels  can  Ik*  vhangei,!  rn  die  opiimi/ation  pro 
cess,  e  tiie'h  distortu)n  for  shape  opimn/atu»n  i>r 
lne^h  relinemeni  m  order  ii>  a..hieve  sutlicieni  .ui.ilvsjs 
.ks  ur.K  \ 

1  he  disadvantage  id  cotisiruclive  iiunleis  is  the  higher  pro¬ 
gramming  etfori  neccssarv  ti’r  a  practical  reali/alit>n  In  shape 
optinii/.itioM.  (he  U'C  of  constnicive  iir  gcomeirical  design 
ni.xk'U  is  alrcadv  usual  I  he  tnllnuing  seclu*ns  depict  the 
speiLia!  ^.nnstriktive  ilesign  minlel  fomiul.iiimis  !i»r  the  nnm 
IxT  ot  plk-s  and  ihe  jdv  disinhiiin»n  .is  well  as  tor  the  vonise 
id  the  prepreg  tapes  in  the  single  phcs  •>!  laminated  titxT 
voniposite  structures 

(ieneral  built-up  t)f  rit>fr  composite  aircrait  structures 

Aircraft  eomjvonenis  nuule  «>t  fiber  eompiisitc  matenals  are 
mainlv  suNtivided  into  two  classes 

1  Sandvv  k  h  structures  .i  i  full  s.mdwk  h 

hi  samlwkh  shells 

2  Monolithic  strikiures  a i  stiffeners 

b)  unsiitfened  shells 
c  I  slitfened  shells 


Stiffeners  as  well  as  shells  consist  of  many  laminated  single 
plies.  The  single  plies  are  manufactured  by  means  of  prefabn 
cated  prepreg-mats  (fabrics)  or  tapes  with  discrete  thicknesses 
(e  g  t  =  0.125  or  0.25  mm)  The  elasticity  and  strength  proper 
lies  of  the  laminate  can  thus  essentially  be  designed  by  utilizing 
follnwing  design  freedoms 

1.  Topological  ply  disinbuiion  on  the  surface  <  number  and 
stacking  sequence  of  plies  placed  one  up<'>n  the  other,  ar 
rangemeni  and  dimension  of  the  single  plies) 

2.  Fiber  orientations  in  the  single  plies 

The  realizable  fiber  orientations  in  the  single  plies  depend  on 
the  applied  prepreg  type  (fabrics  or  tapes)  and  on  die  nunufac 
tunng  priKess  As  far  as  prepreg-iapc:.  arc  concerned,  all  fibers 
are  orientated  unidereciional  iTD)  so  that  the  dilierent  fiber 
orientations  in  the  laminate  ean  be  chosen  frcelv  Vn  dest-rdxrd 
above,  the  possible  arrangemenis  are  so  manilold  iluit  diev  ..an 
only  be  fully  utilized  with  the  aid  of  siructural  opiim;/j[u>n  me 
ihods.  This  is  the  reason  why  in  con\e’iu*>n;»l  Jesigr:  pnkt’SNC' 
without  struelural  opiimizaiion.  the  fiber  orientations  .ire  usu.il 
ly  restneted  to  lour  direciions  winch  are  aiiangcd  y.  ^onsi.uu 
steps  ot  45'*  ((V4.'s/')0/M5).  .SubsequeniK  i>nl\  ilic  numlvr  o[ 
plies  and  ihcir  distribution  iN  deieninned  according  lo  the  '.pe 
cial  requirenuns  on  the  structure  fiv  means  ol  this,  n  iv  posM 
ble  to  meet  all  eonsirainis  A  niimni.ii  weight,  however,  is  nui 
obtained.  OnK  i!  the  single  t’iK*r  orientations  have  tven  deter 
mined  optmullv.  the  constraints  ean  be  met  wip;  ,i  minima! 
structural  weight  .n  the  same  nme 

5.4  Integrated  lape-iavint;  priKcss 

In  order  to  abt.iin  homogeneinis  covering,  (he  prepreg  tapes 
should  be  applied  on  the  structural  surlace  withoui  anv  gaps  or 
olKTlaps.  In  aircraft  conNiruciion,  however,  there  are  often 
double  curved  appheation  surfaces  whieh  are  tuMi  developable 
Bec.iuve  of  the  norulevelopabilitv  u  would  not  he  possible  to 
prevent  overlaps  or  geps.  it  all  the  t.ipes  would  be  applied  .tK>ng 
so  c.illed  naluial  paths  (naiuiai  [Viih  ^-MUse  -d  .i  t.ipe  winch 
resulis  Iroiii  the  lajK'  laying  cciihoui  anv  inliueiKe  oi  eviein.tl 
foivesi  !his  means  tliai  the  tapes  h.ive  to  iv  api'hed  .dong  eur 
ved  ci>nrscs.  in  order  to  en-sure  .i  homi»gene»uis  ^overme  I  nii! 
now  the  prepreg  application  on  such  doiibic  curved  Mirl.icC-'  is 
earned  out  ni.inuallv  or  in  ihe  c.ise  of  a  high  number  ot  pieces 
this  pr<\css  IS  parilv  aiitom.iied  bv  means  ch  c'oniponeni  sped 
fic  tape  laying  eleviees  In  the  manu.il  application  privc'-s  onlv 
the  lav  mg  direction  of  the  first  tape  (»f  the  single  laver  i  whic  h  is 
iisuallv  applieil  .iU*ng  .i  natural  paihi  |^  usually  pres^iibvkl  hv 
the  laying  direction  a(  a  reference  point  Ihe  manuf.k lurers 
then  tom  all  following  lapes  without  gaps  or  mcrlaps  bv  b.and 

Normallv  the  tape  ci»urse'  are  onlv  known  appro\im.iiely  in  the 
design  pnvess  In  order  to  m.ike  the  apphc.ition  pnvess  more 
etficienr  and  repriHlucihle.  a  i.ipe  sieermg  techmdogv  was  deve 
loped  during  the  last  ^  years  which  allows  a  numencaliy  con 
tr<»led  application  of  prepreg  rapes  ah»ng  curved  ci^urses  on 
dfMihle  c‘ur\e<l  surfaces  by  .i  tape  laying  machine  <1  ig  7>  11.^1 
If  itne  merely  would  bend  the  tapes  when  applying  them  along 
curved  courses,  wnnkels  wruilil  ivcur  Ivcause  of  the  dilfereni 
laying  length  <»f  the  fdvrs  across  the  tape  d  ig  X)  In  order  to 
prevent  this,  and  to  equalize  the  ditlerent  laving  lengths,  the  ti 
hers  arc  shifted  in  the  tape  l.iying  pnvess  d  ig  Xe.  The  fdvr 
shifting  only  causes  shear  strains  in  the  prepreg  mainv  whibl 


the  fiber  strains  are  negligible. 


/i6er  Itnglfi  I, 


“) 


b)  Tape  steering  without  fiber  shifting  =>  wrinkling 

c)  Tape  steering  with  fiber  shifting  =>  no  wrinkling 


Fig.  9:  Fiber  shifting  device  for  tape  steering 


The  fiber  shifting  is  only  possible  up  to  a  cenain  limn  because 
otherwise  the  resin  matrix  ould  be  leared  up  After  the  applica 
lion,  the  shear  stresses  in  the  unhardened  viscoplastic  resin  ma 
trix  relax  completely  1 1 1. 

Furthermore  the  curvature  of  the  courses  is  limited  by  machine 
constraints.  In  addition  to  other  technologi>.ui  denuOids.  espe 
cially  these  curvature  and  shifting  constraints  are  the  most  im¬ 
portant  manufacturing  constraints  which  have  to  be  considered 
in  the  design  process 

Above  all,  the  curved  courses  are  utilized  for  a  prepreg 
application  on  double  curved  surfaces  withoui  gaps  or  overlaps 
Depending  on  the  surface  curvature  and  on  the  laying  direction 
there  is  still  space  for  a  course  curvature  which  exceeds  the  ran 
ge  necessary  for  the  surface  adaptation.  This  design  freedom 
can  be  utilized  to  fulfill  the  other  constraints  of  the  design  task 
(static,  dynamic,  aeroelastic  properties  etc  )  with  less  plies  and 
by  this,  the  structural  weight  can  be  minimized 

4.  Constructive  Design  Models  fur  FK-Cumpusites 

For  the  constructive  description  of  the  ply  and  pregreg  distribu¬ 
tion,  a  geometrical  description  of  the  application  surlace  and  its 
Peripherie  is  first  of  all  rci|uired  (jenerally  any  paraim-lnc  sur¬ 
face  function  r,.iu,v)  can  be  loed  for  this  purpose  iii.v  =  inde 
pendent  parameters).  In  order  to  describe  arbiiary  double 
curved  structural  surfaces,  sculptured  .surfaces  consisting  of  se 
veral  surface  patches!  8)  are  most  suitable.  The  patches  are 
usually  described  by  biparametricpolynomials.  .Such  sculptured 
surfaces  are  commonly  used  in  commercial  geometry  modelers 
so  that  it  is  possible  to  use  the  surface  data  (coeflicients  of  the 
polynt'imal  functions)  provided  bv  such  a  geometrv  moilelcr 
|7| 

4.1  Constructive  design  model  of  the  ply  distribution 


In  order  to  constmetively  describe  the  ply  distrubiition.  all  sin¬ 
gle  plies  which  have  the  same  fiber  orieniation  are  combined  in 
one  ply  group  Since  not  all  plies  of  this  group  cover  the  total 
surl  'ce  one  obtains  a  step-like  ply  group  mountain  .  where  the 
drO|  off  angles  can  be  misdelled  and  restricted  to  cenain  values 
to  avoid  delamination  (l  ig.  lOa,  b,  c).  This  ply  group  mountain 
can  approximately  be  described  by  an  enveloping  sculptured 
surface  iFig  lObi  For  the  mathematical  description  of  this 
sulptured  surface  it  seems  recommendable  for  many  reasons  to 
use  a  Bezier- surface  which  is  defined  rangewise.  and  which 
consists  of  bicubic  patches  I  Fig  1 1 ): 


I 
/  *  0 


5]  A  (^l)  *1,  3j  *m 

m  *  0 


1-1  sf,  4  1 
j  1  ; 
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where  t  envelope  of  the  layer  group, 

(,,(2  independent  parameter!, 

]  Bernstein -polynomial  functions, 

^ji*i  j)»r»  Besier-coelficients, 
n,,  n,  number  of  patches  in  f,-  and 

(j-  direction. 


t) 


Fig.  10:  a)  "  Mountain”  of  plies  with  the  same  fiber 
orientation 

b|  Fnvelopping  surface  of  the  "ply  group 
mountain" 

cl  Real  built-up  to  prevent  delamination 


Fig.  1 1 :  Bicubic  Be/ier-patch 


I  he  ( ttij-  1 1(  Iot  +  I)  Be/ier  ciK'fticients  can  be  expressed  by 
In  I  *  I  )ln,  + 1  i  independent  control  points  d  In  the  optmii/a 
tion  prixess.  design  variables  are  assigned  to  these  control 
points  d-  so  that  the  optimal  layer  distnbution  is  detemiincd 
by  the  optimal  control  points: 


<,  '  <'.0  •  <. 


tM 


I  quation  i2i  only  discribes  a  thickness  distribution  t  depen 
ding  on  the  parameters  and  Additionally  a  relation 
between  this  thickness  distribution  and  the  structural  surlcace 
r^iii.vi  IS  required  It  is  advisable  to  parametn/e  the  indepen 
dent  variables  of  the  structural  surlace  depending  on  and 


^2  Therefore,  the  vanables  of  the  structural  surface  and  are 
described  analogous  to  the  thiseness  distnbution 


i  =  0  m>  0 


"1  ;  J  *  1,  ,  nj  (4) 


The  surface  parameter  v  is  parametnzed  in  the  same  way  as  u 
A  functional  value  thickness  distribution  is  as 

signed  to  each  point  rjful^j.^Ti.vl^j.^v))  f  <*’c  structural  sur 
face.  The  number  and  the  dimensions  of  the  patches  for  the 
thickness  distribution  can  thus  be  defined  completely  inde[)en 
dent  of  the  parametrization  of  the  structural  surface 

4.2  Cunstruclive  design  model  of  prepreg-cuurses 

The  following  assumptions  arc  made  for  the  calculation  of  the 
tape  courses: 

•  the  boundary  curve  of  the  starbng  course  is  given  by 
discrete  curve  points  (Fig  12). 

•  the  adjacent  tape  joins  without  gaps  or  overlaps, 

•  the  tape  steering  by  fiber  shifting  only  causes  shear- 
defomiations  of  the  prepreg  matrix  but  no  liber  strums, 

•  all  fiber  run  on  parallel  curves. 

•  the  change  of  the  tape  width  due  to  the  shear  defoniiation 
is  negligible. 


Fig.  12;  Simulation  of  the  tape  courses 

In  a  first  step,  a  continous  starting  course  is  determined  by  con 
nccting  the  discrete  curve  points  by  the  incans  of  spline 
interpolation  This  curve  describes  the  tape  edge  of  the  first  ap 
plied  tape 

With  the  application  prixess  the  libers  m  the  tapes  are  only 
shifted  against  each  other  in  course  direction.  i  e  all  fibers  of 
the  viewed  ply  run  on  curves  on  the  application  surface,  which 
arc  parallel  to  the  starting  course 

So  called  geixlesic  curves  (gecxJcsicsl  can  he  calculated  bet¬ 
ween  both  tape  edges  perpendicular  to  the  courses  of  the  fibers. 
These  curves  connect  the  two  boundary  courses  of  the  tape  at 
the  shortest  possible  distance  which  is  always  perpendicular  to 
the  fitxT  direction  and  which  is  as  long  as  the  tape  is  wide 

The  boundary  curve  ol  the  tape  considered  first,  simultaneously 


5.  Examples 


represents  a  boundary  curve  of  the  gap-free  and  non¬ 
overlapping  adjacent  tape.  By  repeating  the  described  pttKess 
for  calculatingjhe  opposite  boundary  curve,  a  sequence  of  ad¬ 
jacent  tape  courses  can  be  calculated  iteratively.  This  process 
is  repeated  until  the  tape  courses  within  the  Peripherie  of  the 
application  surface  are  calculated  completely  (Fig.  13). 


To  validate  the  functionality  of  the  new  construcuve  design 
model  implemented  in  the  Lagrange  Program  [91  two  examples 
are  shown  in  the  following.  As  manufacturing  constraints  are 
included  the  drop-off  angles,  the  curvature  and  the  shear  strains 
of  the  prepreg  tapes.  [  10). 

5.1  Cantilever  plate 


Fig.  14a;  Thickness  distribution  for  straight  tape  courses 


5. 2  CompusKe  Hn 


Plynumber 

Fin 

Rudder 

1 

3,76° 

108° 

2 

8505° 

100,32° 

3 

38.42° 

174.84° 

4 

24.28° 

(Resulls  with  lajK’  steering  are  mn  yet  available)  Ihe  opiitnal 
weight  results  are  higher  than  the  published  results  [y]  with  the 
conventional  design  model  formulation  because  of  the  conside 
ration  to  the  maximum  drop-off  angles  which  does  not  allow 
unrealistic  discontinous  thickness  an  finite  element  boundaries 


6.  Conclusions 

The  traditional  process  of  product  design  and  manufacturing  is 
characteri/ed  by  a  number  of  sequential  subpriKesses,  which 
require  a  lot  of  iteration  loops  in  the  design  phase  itself  as  well 
as  between  design  and  manufacturing  I  he  usage  of  t'Ax  trxils 
has  not  much  improved  ihe  prixluetivily  of  enginecnng  because 
the  managing  of  the  tools  and  the  pnxiueed  data  has  become 
extremely  complex.  In  order  to  come  to  a  better  exploitation  ol 
infonnation  technology  the  processes  ha'  to  be  invesligaied  and 
if  necessary  redesigned. 

As  an  example  for  a  redesign,  .i  highly  integrated  process  for 
composite  structures  including  design  optimization  is  shown 
which  returns  engineering  tasks  from  special  departments  back 
to  designer.  The  necessity  of  taking  care  of  the  manufacturabili¬ 
ty  in  the  design  phase  will  reduce  the  numlter  of  iterations  and 
interfaces. 

The  success  of  such  process  integrations  and  parallelizations 
could  only  be  achieved  by  a  strong  teamwork  between  the  dif¬ 
ferent  disciplines,  which  musi  lead  to  organisational  and  cultu¬ 
ral  changes  in  the  companies 


In  l-dg,  15  first  results  with  the  cnnstnictive  design  tiHKlels  for 
the  well  known  MBB  [  in  are  shown  Beside  506  manufactu- 
nna  constraints  there  are  stress  limitations  for  the  isotropic 
structure,  maximum  strain  failure  criteria  of  the  composite 
structure,  arising  from  five  sialic  load  ca‘“s  Two  adilional 
static  aeroelastie  cfficiencys  constraints  for  the  fin  and  the 
milder  and  a  flutter  speed  constraint  are  also  considered 
which  results  in  a  total  number  of  2 16f(  constramls, 

I  sing  only  the  24.f  control  points  for  Ihe  ply  distribution  mo¬ 
del  Ihe  optimal  lor  the  ply  distribution  model  the  optimal 
weight  IS  1 54kg  with  the  following  ply  angles: 


FMv  number  , 

F-in 

Rudder 

1 

1  10° 

1 1.5° 

2 

6.5° 

70° 

3 

20" 

25° 

4 

155° 

Allowing  a  rotation  of  the  fiber  orientation  but  without  tape 
steering  the  optimal  weight  reduces  to  140  kg  (=  91}  redtic 
tion)  with  the  following  angles. 


\CA-rtM  uiUi\Mi3n.  oiorttfYturtituMC  schicht  i 


\Cd-nM  uctixyno.  oiCxxi/vjUTiiLUMC  sCBtcnr  x 


5:  Thickness  distribution  for  straight  tape 
courses  (fin  structure) 
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Summary 

The  Integrated  Structural  Mechanics  System  (ISSY)  is  a 
modular  structured  tool  used  to  perform  a  variety  of  differ¬ 
ent  structural  calculations  on  aircraft  structures.  ISSY  in¬ 
tegrates  all  model  generation,  analysis  and  evaluation  pro¬ 
grams  used  in  structural  mechanics  under  one  user 
interface,  and  operates  a  common  data  base  for  ail  these 
programs. 

ISSY  can  be  used  to  generate  and  analyze  calculatioi 
models  of  structural  assemblies  (fuselage,  wings,  stabiliz¬ 
ers,  etc).  This  is  performed  by  an  interactive  preprocessor 
implemented  in  ISSY.  These  calculations  provide  data  for 
both  the  finite  element  analysis  and  for  strength  analysis'), 
thereby  avoiding  redundancy  of  data. 

Model  generation  is  supported  by  the  use  of  parameterized 
standard  models  (and/or  standard  sub-models).  In  addi¬ 
tion,  model  generation  is  made  easier  by  comprehensive 
ISSY  libraries  which  provide  material  data  on  aluminum, 
composites,  in  addition  to  geometric  data  on  profile  sec 
tions  and  rivet  allowables.  The  geometry  input  data  can  be 
directly  copied  from  the  component  loft  data  files. 

The  model  input  data  and  calculaticm  results  are  .stored  in 
relational  data  tables  which  can  be  analyzed  by  the  post¬ 
processor  implemented  in  ISSY. 

In  addition  other  modules  convert  conventionally  gener 
ated  calculation  models  into  ISSY  fomiat  and  generate 
load  case  data.  To  aid  partners  work  on  international  joint 
projects,  ISSY  is  compatible  with  both  standard  NAS- 
TRAN  and  ISSY  processed  input  and  output  data. 

A  documentation  of  model  and  result  data  can  be  obtained 
in  every  phase  up  the  justification  report. 

*)7'/ie  strength  analysis  system  ASSACOS  (Automatic  Sys¬ 
tem  of  Strength  Analysis  of  Complex  Structures)  is  oper¬ 
ated  in  ISSY. 

1.  Introduction 

The  Structural  Mechanics  department  of  Deutsche  Aero¬ 
space  Airbus  (DA)  has  responsibility  for  a  wide  range  of 
tasks. 

One  major  task  is  the  determination  of  force  distribution 
in  global  structures.  In  most  cases  this  is  done  by  means 
of  finite  element  models  (FE  models).  With  these  models 
being  in  the  scale  of  1:1,  i.e.  with  each  individual  skin 
panel  being  idealised  with  its  surrounding  stringers  a 
frames,  often  more  than  100  000  degrees  of  freedom  are 
involved.  When,  due  to  insufficient  CPU  capacity, 
rougher  idealisations  were  performed,  subsequent  alloca¬ 
tion  of  FE  results  to  real  components  used  to  be  rather  dif¬ 
ficult. 


Another  major  task  of  the  Structural  Mechanics  depart¬ 
ment  is  the  strength  analysis  of  individual  structural  com¬ 
ponents.  In  the  last  twenty-five  to  thirty  years,  a  variety 
of  more  or  less  differing  strength  analysis  (SA)  programs 
have  been  developed.  Some  fifteen  years  ago,  we  started 
to  order,  categorize  and  summarize  these  programs.  At  the 
same  time,  the  number  of  input  data  required  for  analyses 
increased  considerably.  This  led  to  specific  data  models 
for  each  individual  SA  program.  Besides,  the  uncoordi¬ 
nated  development  of  SA  programs  led  to  a  vanety  of  in¬ 
terface  programs  for  FE  results  application. 

Interface  programs  have  been  developed  for  the  transfer  of 
FE  results  by  means  of  an  allocation  table  for  components 
and  finite  element  numbers  into  SA  programs  for  the  de¬ 
termination  of  reserve  factors. 

These  SA  and  interface  programs  -  known  under  the  name 
"ASSACOS”  1 1 1  -  have  been  documented  in  theoretical 
and  user  manuals,  and  ASSACOS  is  operated  and  well 
known  far  beyond  Deutsche  Aerospace  Airbus. 

As  the  number  of  complex  analyses  and  data  required  in- 
crea.s'cd  steadily  and  led  to  inconsistencies  and  to  time 
problems,  it  was  decided  to  start  the  development  of  the 
integration  concept  ISSY  some  eight  years  ago. 

The  comparison  of  the  above  mentioned  tasks  and  tools 
showed  that  -  in  spite  of  differing  calculation  methods 
the  data  required  for  FE  and  SA  models  were  overlapping 
to  a  high  degree.  If  a  component  (e.g.  skin  thickness)  had 
to  be  modified,  this  modification  had  to  be  incorporated 
into  several  models.  However,  for  SA  models  it  is  recom¬ 
mended  to  use  design  designations  such  as  stringer,  frame, 
skin  panel,  scat  rail,  whereas  FE  models  arc  determined  by 
means  of  node  geometry  and  clement  allocation. 

In  addition,  numerous  data  are  determined  by  characteris¬ 
tic  values  (such  as  standard  profiles,  rivet  data,  material 
characteristics);  they  are  required  for  all  programs  and 
should  therefore  listed  in  catalogues. 

2.  Structures  and  Functions  of  ISSY 

Based  on  this  situation,  the  ISSY  concept  has  been  devel¬ 
oped  with  the  following  principal  targets: 

One  major  ISSY  target  is  the  integration  of  all  essential 
data  and  programs  required  for  the  calculation  of  aircraft 
structures.  This  integration  is  achieved  by  a  correspond¬ 
ing  structuring  of  all  data  provided  by  the  Structure  Data 
Base  (SDB).  All  SA  programs  have  access  to  this  SDB,  or 
are  linked  to  it  by  interfaces,  ref.  figure  1 . 

At  the  same,  a  common  surface  is  provided  for  all  pro¬ 
grams  required  to  ensure  an  integrated  application. 
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Modem  procedures  of  generation,  maintenance  and  eval¬ 
uation  of  data  have  been  integrated  in  the  ISSY  concept. 
Program  operation  represents  state-of-the-art  develop¬ 
ments  involving  graphic  and  interactive  functions  as  well 
as  panels  and  windows  for  the  user. 

For  ISSY  operation  the  concept  has  been  exterrded  by  a 
number  of  features,  such  as  integration  of  external  models 
of  Airbus  Industrie  partners,  processing  of  complex  load 
distributions  in  FE  structures  (compressive  loads),  and 
processing  of  real  load  cases. 

The  following  data  have  been  taken  into  account  for  de¬ 
signing  the  SDB; 

FE  data  selection  for  ISSY  has  been  done  in  compliance 
with  the  system  of  elements  that  is  generally  used  in  aero¬ 
nautics,  i.e.  not  all  features  of  FE  programs  like  NAS- 
TRAN  [2]  have  been  incorporated.  Thus,  volume  ele¬ 
ments  have  not  yet  been  included  in  preprocessing. 

At  Deutsche  Aerospace  Airbus,  loading  data  for  the  com¬ 
prehensive  FE  model  are  in  general  entered  by  means  of 
unit  load  data.  These  data  are  adapted  by  factorisation 
(principle  of  superposition)  to  ensure  evaluation  of  FE  re¬ 
sults  and  analysis  by  SA  programs.  There  is  also  the  possi¬ 
bility  to  priKcss  real  load  cases  by  ISSY. 

Design  and  demonstration  data  represent  input  and  output 
for  SA  programs.  The  output  is  in  general  effected  by 
means  of  report  lists.  Although  this  output  format  is  well 
suited  for  documentation,  it  is  less  suited  for  the  actual 
analyses.  Therefore,  for  ISSY  purposes,  a  uniform  and 
flexible  data  structure  has  been  selected  which  is  accessi¬ 
ble  by  all  SA  programs.  ISSY  uses  component  dcsigna 
tioiu  to  locate  model  and  result  data.  They  arc  of  essential 
significance  for  pro-  and  postprocessing. 

Graphic  and  interactive  systems  offer  a  large  variety  of 
possibilities  to  display  and  document  models  and  results 
by  allocation  of  colors  and  groups.  This  information  can 
also  be  stored  in  the  SDB,  processed  by  other  program 
modules,  or  called  in  subsequent  sessions. 

After  having  evaluated  the  advantages  and  disadvantages 
offered  by  commercially  available  FE  preprocessors,  it 
was  decided  to  develop  a  separate  ISSY  preprocessor 
(PMOD)  for  generating  an  ISSY  model  that  fulfills  all  re¬ 
quirements  of  FE  methods  (e.g.  N  ASTR  AN)  as  well  as  for 
strength  analysis  programs.  PROPER,  an  in-house  devel¬ 
oped  program  for  profile  geometry  generation  and  lami¬ 
nate  description,  has  been  integrated  into  PMOD. 

For  postprocessing  purposes,  which  comprises  the  evalua¬ 
tion  of  FE  analyses  as  well  as  the  display  of  SA  results,  it 
was  equally  decided  to  develop  a  separate  ISSY  postpro¬ 
cessor  module  (GMOD).  The  decision  was  based  on  the 
fact  that  commercially  available  postprocessors 
(I-DEAS)  do  not  allow  processing  of  model  data  on  the 
basis  of  design  designations. 

To  combine  unit  load  cases  to  real  load  cases,  programs 
were  development  for  the  determination  of  unit  load  cases 
for  cabin  pressures,  air  loads  and  inertia  loads,  as  well  as 
for  the  determination  of  factors  for  real  load  cases.  These 
functions  are  summarized  in  the  program  module  LMOD. 
LMOD  is  used  also  for  processing  aerodynamic  and  load 
distribution  data  which  have  been  determined  beforehand 
by  the  flight  mechanics  department.  The  results  of  the  load 


factor  detenninalion  are  stored  in  the  SDB  to  which  all 
modules  have  access. 

The  correlation  module  RMOD  is  primarily  used  to 
change  FE  and  SA  model  data  into  ISSY  model  data  In 
addition,  this  module  can  be  used  for  a  comparison  of 
models  and  properties  and  for  their  graphic  display 
KMOD  is  also  designed  for  processing  last  data  for  ISST' 
models. 

As  already  stated  at  ihe  beginning,  the  finite  elements 
method  is  of  essential  importance  for  the  determination  ol 
stress  distribution.  In  addition  to  NASTRAN  integration, 
data  interfaces  have  been  developed  for  progranvs  such  as 
SAFE,  the  (FEMERG)  data  of  which  have  been  used  Idr 
decades  for  data  maintenance,  and  COSA,  the  program 
operated  by  Domier. 

Deutsche  Aerospace  Airbus  uses  primarily  INTERLEAF 
for  publishing  documents.  ISSY  offers  the  possibility  of 
generating  graphic  data  in  INTERLEAF  formats. 

In  addition,  various  ISSY  modules  can  be  used  for  direct 
output  of  reports  and  graphics  on  list  printers,  POST¬ 
SCRIPT  pnnters,  or  various  types  of  CALCOMP  plotters. 

ISSY  has  been  developed  for  both  IBM  and  VAX  comput 
ers.  A  distinction  is  made  between  computer -specific 
functioas  and  actual  program  functions  13).  This  allows  an 
ca.sy  program  transfer  to  other  systems.  Currently,  we  arc- 
working  on  a  UNIX  implementation  on  HP-systems. 

ISSY  has  a  mtxiiilar  system  structure.  The  user  selects  the 
module  he  wants  to  work  with  and  enters  the  required  data 
sources  into  the  ISSY  panel  or  window,  ref.  figure  2.  Each 
ISSY  nuxiule  offers  default  data  sets.  This  ensures  that 
.specific  data  arc  automatically  adopted  wiih  a  module 
change. 

System  operation  can  be  done  in  the  interactive  or  batch 
mode.  Specific  computer  knowledge  is  not  required.  After 
each  session  a  log  output  is  issued  either  on  the  screen,  in 
a  file,  or  on  a  printer. 

In  interactive  modules  (like  PMOD)  the  user  operates  with 
menus,  windows  or  panels.  Graphics  can  be  displayed  and 
prcKcsscd  in  several  independent  windows.  Graphics  for 
documentation  purpo.scs  can  be  stored  in  a  metafile,  or,  at 
user’s  option,  edited  and  put  out  in  various  formats  after 
modtile  operation. 

For  data  maintenance  various  options  have  been  investi¬ 
gated  and  tested: 

IMS,  FOCUS,  ORACLE.  We  finally  decided  in  favor  of 
our  in-housc  development,  a  purely  relational  data  main¬ 
tenance  .system.  FOCUS  query  functions  [4]  can  also  be 
used,  just  like  the  ISSY-SDB  can  be  adopted  into  rela¬ 
tional  DB  systems  like  ORACLE. 

3.  Future  Development  of  ISSY 
Currently,  the  ASSACOS  program  modules  SCHADI  - 
Strength  Analysis  of  Stiffened  Shells  and  SPADI  - 
Strength  Analysis  of  Frames  -  can  be  used  by  ISSY. 

For  the  purpose  of  analyzing  composites,  the  module 
COMFEST  is  linked  to  ISSY.  However,  the  fuiKtions  of 
this  program  are  currently  being  extended  to  integrate  the 
analysis  of  stiffened  shells. 

The  documentation  modules  SCHADOUT  and  DIAGRA 
used  for  preparing  strength  analysis  reports  and  diagrams 
have  been  integrated  and  arc  operated  in  the  interactive 
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mode.  Links  for  another  five  ASSACOS  programs  are 
currenlly  being  prepared: 

STRIKU  -  Strength  Analysis  of  Stringer  Couplings 
SPANKU  -  Strength  Analysis  of  Frame  Couplings 
LAQUENA  -  Strength  Analysis  of  Riveted  Longitudi¬ 
nal  and  Circumferential  Joints 
SPADI2  -  Extended  Strength  Analysis  of  Frames  in 
Complex  Structures  and  Major  Assem¬ 
blies  (Load  Introduction  Frames) 

TRAE  -  Strength  Analysis  cf  Circumferential  and 
Longitudinal  Beams  in  Passenger  Cabin 
and  Cargo  Compartment  Roors 

Further  ISSY  development  shall  include  additional  links 
for  other  ASSACOS  modules  as  well  as  for  fatigue 
strength  programs  (crack  propagation,  damage  tolerance) 
and  SA  programs  from  our  parmer  companies. 

Data  exchanges  with  other  systems  like  3D-CAD  or 
DEC-decision  are  also  envisaged. 

ISSY  can  also  be  used  for  preliminary  design  and  opti¬ 
mization  tasks,  such  as  PMOD,  which  offers  parameter¬ 
ized  models  and  easy  access  to  all  dimensioning  data  in  the 
ISSY-SDB. 


|1|  ASSACOS  -  Automatic  System  for  Strength 
Analysis  of  Complex  Structures: 

Deutsche  Aerospace  Airbus  GmbH,  Krectslag  10, 
2103  Hamburg  95;  Germany;  1990 

(2)  MSC  NASTRAN;  The  MacNeal  SchwendlerCor 
poration;  815  Colorado  Boulevard,  Los  Angeles, 
California  90014;  U.S.A.;  1990 

[3)  VMS  DECwindows  -  XLib  Routines  Reference 
Manual;  Digital  Equipment  Corporation;  May¬ 
nard,  Massachusilts;  U.S.A.,  1988 

(41  FOCUS  -  Users  Manual  Release  5.0;  Information 
Builders,  Inc.;  1250  Broadway,  New  York,  NY 
1001;  U.S.A.,  1986 


Fig.  1 :  Scheme  of  ISSY  architecture 
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1.0  ABSTRACT 

The  process  of  designing  aircraft  stnictuie  requires  many 
functional  disciplines  and  associated  interdisciplinary  cou¬ 
pling.  To  achieve  optimal  performance,  the  various  disci¬ 
plines  must  work  closely  together  and  effectively  exchange 
large  amounts  of  pertinent  data.  In  the  past,  this  was  accom¬ 
plished  either  with  independent  analysis  tools  that  were  not 
tightly  coupled  or  with  a  single  analysis  tool  that  lacked  the 
required  fidelity  to  truly  support  the  needs  of  more  than  one 
discipline.  In  addition,  the  analyses  were  performed  in  series 
rather  than  concurrently.  A  major  impediment  to  process 
improvement  was  the  lack  of  a  common  geometry  database 
that  could  be  utilized  by  all  disciplines  required  to  support 
structural  design.  The  rapid  growth  of  computational  capabil¬ 
ity  and  the  gradual  acceptance  by  engineers  and  management 
to  the  use  of  automated  processes  and  common  databases  has 
allowed  McOoiuiell  Douglas  Aerospace  (MDA)  to  implement 
a  concurrent  engineering  approach  to  structural  design. 

Our  present  aircraft  design  process  combines  a  common 
geometry  approach  and  existing  analysis  tools  with  the  power 
of  engineering  wodtstadons  to  manipulate  an  integrated 
design  database  to  arrive  at  an  optimum  design  solution.  Our 
modular  approach  divides  the  design  process  into  smaller, 
more  manageable  tasks  that  can  be  performed  concurrently.  It 
achieves  “buy-in"  from  each  engineering  and  manufacturing 
discipline  by  incoiporating  existing  specialized  design  tools 
that  have  been  developed  by  those  groups  and  introduced  into 
the  process  without  taking  away  ownership.  We  use  common 
geometry  principles,  neutral  file  structures,  widely  accepted 
third  party  and  company  proprietary  applications  coupled 
with  consistent  naming  conventions  and  file  management  to 
achieve  our  integrated  design  methodology  solution.  The 
present  sy  stem  optimizes  the  vehicle  structure  for  minimum 
weight  against  a  given  set  of  design  requirements.  It  is  cur¬ 
rently  used  to  evaluate  advanced  vehicles  such  as  NASP  and 
is  also  being  applied  to  more  conventional  aircraft. 

In  the  future,  capabilities  will  be  added  to  this  anidysis  system 
that  allow  it  to  be  applied  to  detail  design  problems  as  well  as 
iiKreasing  the  fidelity  of  advanced  design  solutions.  The 
major  increase  in  capability  will  result  from  adding  direct 
access  to  the  computer  aided  design  geometry  and  also  in  the 
incorporation  of  standard  analysis  checks  into  the  system. 

We  will  design  the  architecture  of  the  system  such  that  new 
engineering  and  manufacturing  ^plications  can  be  easily 
added. 

This  paper  will  discuss  the  evolution  of  the  MDA  integrated 
design  methodology  from  the  80's  to  the  present  as  well  as 
our  vision  of  the  future. 


2.0  OVERVIEW 

In  the  70's  and  early  80's.  advanced  design  activities  used 
primarily  historical  data  to  predict  weight  for  new  configura¬ 
tions.  This  approach  was  adequate  for  aircraft  evolvmg  fi-om 
designs  of  similar  vehicle  geometry  and  material  systems. 
However,  this  approach  proved  to  be  inadequate  for  high 
techology,  high  speed  vehicles,  such  as  NASP,  as  well  as 
more  conventiona]  vehicles  using  larger  components  of  com¬ 
posite  materials  and  having  radically  different  shapes.  This 
deficiency  was  most  obvious  for  the  design  of  hypersonic 
vehicles,  which  requires  a  high  level  of  multi-discipline 
integration  to  satisfy  design  requirements.  These  vehicles 
must  operate  in  extreme  thermal  and  dynamic  environments, 
yet  have  a  low  mass  fraction  to  satisfy  mission  requirements. 
Because  of  the  extreme  environments  and  the  non-tiaditional 
vehicle  shapes  associated  with  hypersonics,  a  new  highly 
integrated  structural  design  process  was  required.  Our  pro¬ 
cess  was  developed  to  rapidly  analyze  structural  concepts  for 
hypersonic  vehicles  and  provide  accurate  weight  predictions 
much  earlier  in  the  design  cycle  process. 

When  this  effort  began  in  1985.  rapidly  decreasing  computer 
costs.  Computer  Aided  Design  (CAD)  and  Finite  Element 
Modeling  (FEM)  were  widely  identified  as  mechanisms 
which  would  integrate  the  engineeiing  world.  Tnese  claims 
were  accurate,  but  a  change  in  the  way  we  do  business  was 
required  to  achieve  the  desired  integration.  In  particular  most 
processes  were  still  conducted  in  series  and  very  little  concur¬ 
rency  existed  in  attacking  the  problem  of  strucmral  integra¬ 
tion.  Most  CAD  tubes  were  nothing  more  than  electronic 
drawing  boards  with  designers  producing  2-dimensional 
drawings.  In  many  cases,  these  drawings  were  then  entered 
into  multiple  FEM  systems  (often  by  hand)  so  that  the 
strength,  dynamics,  and  loads  engineers  could  analyze  their 
models.  Loads  were  calculated  using  2-dimensional  aerody¬ 
namic  methods  which  were  only  planform  dependent.  Struc¬ 
tural  sizing  of  the  vehicle  was  highly  dependent  on  hand 
analysis  and  "seat-of-the-pants”  experience  to  determine 
structural  and  material  system  decisions.  Dynamic  analysis 
was  typically  performed  after  the  design  was  complete,  rathei 
than  during  the  design  process.  The  thermal  engineers  did 
not  use  a  raM  system  at  this  time,  instead  using  local  “plug 
models"  which  were  time-consuming  to  produce.  Five  to  ten 
models  might  represent  the  thermal  environment  of  the  entire 
vehicle.  Due  to  this  lack  of  analysis  depth  and  the  time 
required  to  perform  more  detailed  analyses,  a  large  amount  of 
conservatism  was  designed  into  the  vehicles. 
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From  1985  to  the  present.  McDonnell  Douglas  has  been 
evolving  an  integrated  structural  analysis  system  in  an  effort 
to  reduce  the  unnecessary  conservative  assumptions  included 
in  our  vehicle  analysis  processes.  The  first  step  in  this  devel¬ 
opment  was  to  make  a  revoluhoiuuy  change  in  our  approach 
to  developing  structural  concepts.  Prior  to  this  change,  analy¬ 
ses  were  typically  done  in  series.  Transferring  data  from  one 
discipline  to  another  was  difficult  and  time-consuming 
because  of  different  geometric  meshes  and  in  some  cases 
different  geometric  configurations.  The  key  feature  to  our 
approach  was  to  use  common  geometry  for  each  discipline 
and  to  develc^  translators  to  map  data  from  one  analysis  tool 
to  another.  This  common  geometry  approach  was  dnven  by 
the  high  degree  of  integration  required  to  design  hypersonic 
vehicles  and  thus  the  absolute  requirement  to  work  in  parallel 
or  concurrently.  Figure  1  provides  a  pictorial  overview  of 
the  syston's  features. 
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Figure  1 .  Integrated  Structural  Analysis  Increases 
Productivity 

Since  1985.  CAD  engineers  have  been  trained  to  use  surface 
and  solid  models.  Translators  have  been  developed  to  inter¬ 
face  the  CAD  geometry  models  with  the  FEM  systems. 
Guidelines  have  been  established  for  subdividing  and  analyz¬ 
ing  entire  vehicles.  These  rules  have  enabled  us  to  de  velop 
automated  data  transfer  and  data  mapping  methods  which 
integrate  the  disciplines.  Three-dimensional  aerodynamic 
methods  and  computational  fluid  dynamic  method-s  have  been 
integrated  with  loads  using  accurate  data  mapping  techniques. 
Full  three-dimensional  transient  thermal  analysis  is  now  per¬ 
formed  to  predict  not  only  surface  temperatures,  but  also 
through-the-thickness  temperature  gradients.  These  calcula¬ 
tions  are  made  at  thousands  of  points  on  the  vehicle  over  the 
entire  trajectory  and  temperatures  are  mapped  directly  to  the 
strength  analysis  model.  When  structural  sizing  is  complete, 
the  thermal  models  are  automatically  updated  with  the  new 


parameters  and  temperamres  can  be  recalculated.  The  struc¬ 
tural  sizing  codes  essentially  automate  standard  strength 
checks,  allowing  strength  engineers  to  look  at  thousands  of 
potential  structural  concepts  and  matenal  systems  to  find  the 
lightest  weight  design.  Although  not  shown  in  Rgure  1 , 
another  important  feature  of  the  system  is  the  integrauon  of 
dynamic  analysis  into  the  system.  Automated  methods  are 
used  to  reduce  the  number  of  elements  and  nodes  (degrees- 
of-fi^ecdom)  in  the  strength  FEM  model,  creating  a  new  model 
which  can  be  used  efficiently  I..;  dynamic  analysis  The  prop¬ 
erties  for  the  dynamics  model  are  automatically  entered  based 
on  results  from  our  stmctural  optimization  program. 

3.0  COMMON  GEOMETRY 

The  key  feature  of  our  analysis  system  is  that  it  is  based  on  a 
common  geometry  approach.  The  process  begins  with  the 
development  of  a  vehicle  or  structural  configuration,  as 
shown  in  Figure  2.  Once  the  basic  configuration  has  been 
defined  by  the  designer  using  the  Unigraphics  C.ADA^AM 
system,  it  is  translated  into  PATRAN  in  one  of  three  ways  -- 
using  an  MDC-developcd  translator  program,  using  IGES,  or 
meshing  directly  using  PATRAN  .^.0.  An  individual  is 
responsible  for  evaluating  the  surface  translation  and  re-de- 
fining  them  if  necessary.  The  breaks  m  the  surfaces  created 
by  the  designer  are  detemimed  by  recommendations  from  all 
the  analysts  who  wUl  subsequently  be  using  them.  The  goal 
is  to  create  one  surface  geometry  model  that  will  be  used  by 
all  of  the  engineering  disciplines. 
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Figure  2.  Typical  NASP  Blended  Wing  Body 
Concept 


When  the  geometry  is  complete,  each  analyst  creates  a  mesh 
suitable  for  his  discipline,  woiking  in  parallel  with  analysts 
from  the  other  disciplines.  Examples  of  typical  discipline- 
specific  meshes  are  shown  in  Figure  3.  The  mesh  for  the 
aerothermal,  themial  and  aerodynamic  loads  models  is 
created  at  MDA  using  PATRAN.  The  detailed  inner  structure 
of  the  NASTRAN  model  is  created  either  with  PATRAN  or 
with  CGSA,  an  MDA-developcd  code,  depending  on  the 
preference  of  the  strength  engineer.  Ultimately,  all  analysis 
models  are  returned  to  the  PATRAN  system. 
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Figure  3.  Different  Anaiyeie  Modeie  Generated  From 
Same  Geometry 

Once  the  analysis  models  aic  created,  each  of  the  models  is 
subdivided  into  named  components,  which  provide  a  mecha¬ 
nism  for  transferring  data  from  one  engineering  discipline  to 
another  using  automated  routines.  Typical  names  for  mapping 
aerodynamics  pressures  to  the  structural  model  are  upper 
wing,  inner  tail,  engine  cowl,  and  so  forth.  More  names  are 
required  for  the  thermal  results  mapping  than  the  aerody¬ 
namic  results,  since  the  thermal  response  is  impacted  by  the 
structural  characteristics  of  each  panel.  Each  named  compo¬ 
nent  in  this  case  represents  a  manufacmrable  panel.  This  is 
discussed  in  more  detail  in  the  following  sections. 

4.0  DATA  TRANSFER 

The  automated  transfer  of  data  between  disciplines  is  referred 
to  as  "mapping"  and  is  performed  for  each  discipline’s  analy¬ 
sis  model.  The  relaxation  data  mapping  method  uses  an  itera¬ 
tive  convergeiKe  technique.  Converged  mapping  results 
compare  quite  well  (less  than  2%  error)  with  the  original 
results,  even  though  there  may  be  significant  differences  in 
the  meshes  used  by  the  different  disciplines.  The  accuracy  of 
the  mapping  process  improves  when  more  analysis  results  arc 
available.  For  example.  CFD  results  map  more  accurately 
than  older  2-dimensional  or  panel  method  results. 

An  example  of  the  mapping  process  is  shown  in  Figure  4, 
where  aeropressures  have  been  m^ped  from  an  aerodynamic 
model  to  a  structural  model.  The  mapping  software  first 
determines  where  each  aeropressure  result  lies  on  the  struc¬ 
tural  model.  If  the  result  falls  within  a  structural  element,  the 
pressure  of  that  structural  element  is  fixed.  An  iterative  pro¬ 
cedure  then  is  used  to  determine  the  results  of  all  remaining 
undefined  structural  elements  by  relaxing  the  results  of  the 
fixed  elements  and  letting  them  drive  the  undefined  elements 
to  their  appropriate  value.  Not  only  does  this  method  provide 
accurate  mapping,  but  it  also  runs  quite  fast. 

5.0  INTEGRATED  DISCIPLINES 

The  goals  of  our  analysis  system  are  increased  accuracy  and 
reduced  cycle  time.  To  achieve  this,  existing  computer  pro¬ 
grams  and  engineering  processes  were  redefined  such  that 
mission,  geometry,  and  analysis  results  data  were  shared 
rather  than  created  multiple  times.  Also,  manual  processes 
were  automated,  and  higher-order  methods  have  been  added 


as  they  become  available.  The  result  of  this  effort  is  that  the 
disciplines  are  working  in  parallel  rather  than  senes,  and  that 
they  are  working  at  the  same  level  of  detail.  An  overview  of 
this  process  is  shown  in  Figure  5.  The  following  sections 
discuss  the  methods  used  for  thermal,  aerodynamic  loads, 
internal  loads,  structural  sizing,  and  weights  calculations. 

Aeropressures  NASTRAN  Elements  Fixed  0  Cycles 
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Figure  4.  Data  Mapping  Process 


S.l  Tbermal 

One  of  the  most  critical  problems  facing  NASP  was  the  accu¬ 
rate  prediction  of  temperatures  generated  by  severe  heating 
environments.  This  is  crucial  to  the  accuracy  of  structural 
sizing  on  high  speed  vehicles  or  in  structural  regions  located 
within  the  exhaust  plume  of  more  conventional  aircraft.  Most 
structural  concepts  are  not  uniform  and  have  concentration  of 
masses  which  cause  temperature  differences  throughout  the 
structure.  Two  types  of  temperature  gradients  are  important 
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to  the  stiuctuxe  —  changes  across  the  surface  of  the  moldline 
and  changes  through-the-thickness  of  the  stnictural  ccmcept. 
These  tempeiaturt  gradients  can  generate  large  theimai 
stresses  and  must  be  addressed  for  the  entire  vehicle.  The 
temperature  gradiei.rs  are  callculated  over  the  entire  ascent 
and  descent  trajectory.  These  critical  temperature  conditions 
are  then  mapped  to  the  structural  model.  A  plot  of  maximum 
temperature  gradients  expenenced  by  »be  vehicle  over  the 
entire  trajectory  is  shown  in  Rgure  6. 
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Figure  6.  Maximum  Temperature  Gradients  Ascent 
Trajectory 

5^  Aerodynamic  Loads 

External  aeropiessures  are  calculated  using  a  variety  of  meth¬ 
ods  for  subsonic,  transonic,  and  hypersonic  flight  regimes. 
Surface  pressures  are  calculated  using  engine  and  trajectory 
characteristics  for  a  trimmed  and  balanced  aircraft.  Areas  of 
the  airframe  with  complex  flow  characteristics,  such  as  the 
nozzle,  are  handled  by  Computational  Fluid  Dynamic  (CFD) 
analysis.  CFD  also  is  used  for  the  entire  vehicle  in  the  tran- 
soruc  flow  regime.  Calculated  pressures  for  the  design  condi¬ 
tions  are  mapped  onto  the  structural  model  and  are  used  for 
internal  load  calculations  using  the  data  mapping  technique 
described  in  section  5.0  and  as  shown  in  Figure  7.  A  key 
attribute  of  our  system  is  that  flight  loads  developed  by  a 
vanety  of  analytical  codes  or  from  wind  tunnel  results  can  be 
applied  to  the  structural  model  via  the  mapping  process. 
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5.3  Internal  Loads 

Once  the  aeropiessures  and  temperamre  distnbuuons  have 
been  predicted  they  are  mapped  to  the  structural  model  in 
preparation  for  a  NASTRAN  run  In  addition  to  temperatures 
and  pressures,  correct  mass  distributions  are  included  in  the 
model.  NASTRAN  runs  are  made  using  consistent  condi¬ 
tions.  and  provide  the  miemai  load  uistributioiis  for  the 
vehicle.  An  example  of  running  loads  on  an  MD17  class 
vehicle  is  shown  in  Rgure  8.  The  internal  loads  of  the  ele¬ 
ments  that  define  each  panel  (named  component)  are  then 
averaged  to  provide  the  internal  loads  for  the  panel  These 
loads,  along  with  the  temperatures  and  pressures  for  each 
panel,  are  mput  to  the  structural  optimization  codes  which 
perform  detailed  panel  sizing 
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Figure  8.  Maximum  Temperature  Gradients  Ascent 
Trajectory 


5.4  Structural  Optimization 

Structural  sizing  is  accomplished  with  using  MDA  developed 
structural  optimization  programs  that  perform  a  series  of 
strength  and  stabibty  analysis  cliccks.  Several  structural  Con¬ 
cepts  can  be  selected  by  the  user  as  illustrated  in  Figure  1. 

The  structural  concepts  are:  sandwich  structure  (honeycomb, 
super-plastically  formed/diffusion  bonded,  and  truss  core), 
stiffened  structure  (hat  or  corrugations,  blades),  and  unstif¬ 
fened  stiuaure  (  a  variation  of  blade  stiffened).  The  optimiza¬ 
tion  program  requires  that  the  engineer  input  the  loading 
environments  from  the  analysis  database,  along  with  the  over¬ 
all  dimensions,  the  materials  to  be  investigated,  and  the  sizing 
limits. 

Material  properties  for  the  analysis  are  obtained  from  an  on¬ 
line  material  database.  This  database  contains  the  informa¬ 
tion  needed  for  engineering  analysis  such  as  mechanical  and 
physical  properties.  The  optimization  programs  access  the 
database  as  needed  to  determine  the  properties  of  each  piece 
of  the  section  at  specific  design  temperatures.  A  common 
repository  for  material  properties  provides  data  integrity 
between  disciplines  and  for  comparison  with  hand  analysis. 


Figure  7.  Airloads  Mapped  to  NASTRAN  Geometry 
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Figure  9.  Optimization  Programs  Are  Used  to  Size  Acreage  Panels 


Sizing  limits  define  the  bounds  for  sizing  a  particular  section 
and  include  limits  such  as  section  height,  thicknesses,  and 
stiffener  spacing.  Cross  section  parameters  arc  shown  in 
Figure  10.  If  a  composite  material  is  selected  for  sizing,  the 
program  uses  composite  analysis  checks  and  correlates  true 
laminate  thicknesses  to  properties. 

Minimum  weight  design  is  found  by  examining  all  of  the 
sections  within  the  limits  defined  by  the  user.  Results  of  a 
typical  sizing  output  for  a  hat  stiffened  section  are  shown  ui 
Figure  11.  The  section  has  actual  dimensions  and  thicknesses 
identified.  This  type  of  local  section  geometry  is  necessary  to 
accurately  predict  local  failure  modes  and  through-the-thick- 
ness  thermal  gradients.  In  addition  to  detailed  section  geome¬ 
try.  margin  of  safety  and  stress  analysis  summaries  are 
available  for  each  design  condition  in  the  trajectory. 

Guidance  fiom  manufacturing,  producibility.  and  supportabil- 
ity  are  incorporated  into  the  sizing  limits.  By  including  these 
inputs  early  in  the  design  phase,  sized  sections  are  less  likely 
to  change  significantly  as  the  configuration  matures.  Once 
sizing  is  complete,  convergence  for  each  panel  is  checked.  If 
the  convergence  criteria  is  not  satisfied,  the  sizing  results  are 
automatically  input  into  the  thermal  and  structural  analysis 
models  and  another  sizing  iteration  is  performed.  Conver¬ 
gence  typically  is  reached  in  3  to  4  iterations. 

The  optimization  procedure  results  in  a  lighter  weight  design, 
since  each  panel  is  designed  to  its  loads  and  temperatures, 
rather  than  all  panels  being  designed  to  the  highest  load  on 
the  vehicle.  The  detailed  panel  weight  breakdown  shown  in 


Figure  12  is  provided  to  the  weights  engineer,  resulting  in 
more  accurate  weights  estimates  for  the  vehicle. 

5.5  Weights 

Once  the  structure  has  been  sized,  the  finite  element  model 
and  the  appropriate  analysis  results  are  transferred  to  the 
weights  engineer  and  the  vehicle  is  calculated  using  another 
MDA  code,  FEMWTS.  Design  details  in  the  FEM  such  as 
geometry,  material  properties,  and  loading  are  used  in  con¬ 
junction  with  a  database  of  structure  not  modeled  in  the  FEM 
such  as  fast-ners  and  fillets  to  rapidly  estimate  the  weight  of 
individual  aircraft  parts.  These  results  tire  used  to  define 
target  weights  and  can  be  mapped  back  into  the  structural 
FEM  for  inertial  loads  and  dynamic  analysis.  The  weights 
are  also  used  in  strucmral  trades  and  cost  estimating.  Figure 
13  provides  an  overview  of  this  process. 

Thousands  of  elements  are  used  to  model  a  structural  assem¬ 
bly.  They  must  first  be  grouped  into  detail  parts  before  the 
weight  analysis  process  can  begin.  Once  the  elements  are 
grouped,  the  FEM  weight  analysis  process  can  begin.  Three 
steps  are  required  to  transform  the  theoretical  FEM  weight 
into  a  realistic  weight  estimate.  The  first  step  is  to  apply  a 
reduction  mass  factor  to  the  model  to  convert  the  strength 
model  which  represents  the  stiffness  of  the  structure  into  a 
mass  model.  The  second  step  adds  undefined  detail  part 
weight  such  as  lugs  and  fillets  to  the  model  through  algo¬ 
rithms  and  part  mass  factors.  The  third  step  estimates  the 
weight  of  structure  required  to  attach  the  detail  parts  together 
into  an  assembly.  These  weights  are  then  summed  to  deter- 
tniiK  the  weight  of  the  part  or  assembly. 


Best  Geometry  Based  on  Minimum  Weight  Considerations 


Minimum  M.S.  =  0.0080 
*  *  *  Panel  Geometry  '  ’  * 


Height 

=  1.50  in. 

Section  Weight 

=  1.153  Ib/tt^ 

Shin  Thickness  =  0.0250  in. 

Web  Thickness 

=  0.0150  in. 

Flange  Width 

=  0.300  in. 

Flange  Thickness 

=  0.0150  in. 

Z  Flange  Width  =  0.300  in. 

z  Flange  Thickness 

=  0.0150  in. 

Number  of  Corrugations  Across  Width  =  30  Corrugation  Spacing  =  1 .60  in. 
Margin  Type  =15.  Overall  Panel  Buckling 
Load  Condition  7  Is  the  Critical  Condition 
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Figure  11.  Sample  Sizing  Output 
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Figure  12.  Panel  Unit  Weights 


\  Reduction  Mass  Factor 


Algorithms  and 
Part  Mass  Factor 


GP34.0471-13-V 


Figure  13.  Advanced  Materials  and  Structures 

Weight  Analysis  Process 


«.0  APPLICATIONS 

The  National  AeroSpace  Plane  uses  the  Integrated  Structural 
Analysis  system  daily  and  has  championed  the  systems  use 
and  development.  The  system  has  been  used  to  perform  most 
major  trade  studies  on  NASP  at  MDC  over  the  last  5-7  years. 
In  addition  to  its  use  of  NASP,  the  analysis  system  described 
here  has  been  used  for  trade  studies  on  more  conventional 
aircraft.  The  following  summarizes  recent  sppUcations  at 
McDormell  Douglas  of  the  Integrated  Structural  Analysis 
(ISA)  system  to  si^tport  the  design  of  advanced  commercial, 
fighter,  and  space  aircraft. 


6.1  MD12 

Wing  torque  box  sizing  was  performed  on  the  MD12  using 
the  ISA  system.  Two  separate  trade  studies  were  performed. 
The  first  study  evaluated  the  weight  impact  of  using  Alumi¬ 
num  7150,  Titanium  or  Graphite/Epoxy  systems.  The  total 
weight  of  the  wing  torque  box  for  each  of  the  materials  is 
shown  in  Figure  14.  We  also  sized  the  torque  box  using  hat- 
stiffened,  Z-stiffened,  and  T-stiffened  structure.  The  total 
weight  of  the  torque  box  using  these  3  structural  concepts  and 
Aluminum  7150  is  shown  in  Figure  15.  The  trade  studies 
required  87  man-hours  to  complete. 


Aluminum  wt  =  7,232  lb 


Titanium  wt  =  7.337  lb 


Graphite/Epoxy  wt  =  3,707  lb 
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Figure  14.  Composite  Material  Has  Potential  Weight 
Benefit 


Structural  Concept  Wing  Skin  Weight 


7,114  lb 


Z  Stiffened 


7,232  lb 


T  Stiffened 


7,608  lb 
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Figure  15.  Wing  Weights  for  Various  Structural 
Concepts 


Multi- Hole  Fighter 

We  recently  evaluated  three  wing  design  concepts  for  the 
Multi-Role  Fighter,  The  evaluation  was  performed  using 
several  different  wing  thickness/cord  (t/c)  designs.  Static 
loads  for  +9.0  and  -3.0  G  and  monolithic  composite  skins 
with  metallic  substructure  were  assumed  for  the  structural 
sizing.  The  model  converged  in  4  iterations  and  FEMWTS 
was  used  to  weigh  each  of  the  3  concepts.  The  results 
showed  that  as  the  box  depth  was  incieased.  although  skin 
weights  decreased,  the  substructure  weight  increased  at  about 
the  same  rate  (thus  offsetting  the  benefit  from  the  decrease  in 
skin  weight). 

6.3  F-18 

The  system  was  used  in  the  early  stages  of  the  F18  E/F  wing 
design  activity  to  evaluate  the  weight  impact  of  a  3  lug 
attachment  versus  a  4  lug  attachment  configuration  trade 
smdy.  The  system  was  used  to  size  the  upper  and  lower  skins 
and  the  ribs  and  spars  for  2  loading  conditions  (+/-  Bending). 
The  optimized  wing  skin  thicknesses  from  this  study  are 
shown  in  Figure  16. 


system  was  used  to  evaluate  3  sirucmral  configurauons  The 
configurations  were  the  baseline  truss  cold  pnmary  structure, 
mtegral  LH2  tank  cold  suucture.  and  the  hot  structure  stift- 
cned  shell  configurations.  An  example  of  each  of  these  3 
configurations  is  shown  in  Figure  17 . 
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6.4  Delta  CUpper  Figure  16.  F/A-18E/F  Optimized  Wing  Thickness 

The  system  was  also  used  by  MDC  during  the  proposal  phase 
of  the  Single  Stage  Rocket  Technology  (SSRT)  program.  The 


Baseline  Truss 
Cold  Primary  Structure 


Attitude  Integral  LH2  Tank 
Cold  Structure 


Altitude  Hot  Structure 
Stiffened  Shell 


Figure  17.  Alternate  Load  Paths  and  Structural  Configurations  Have  Been  Evaluated 


7.0  FEATURES  OF  THE  FUTURE  SYSTEM 

The  integrated  strucniral  analysis  system  continues  to  evolve 
and  be  refined.  We  plan  on  adding  features  to  the  system 
which  will  allow  it  to  be  applied  to  detail  design  problems,  as 
well  as,  increasing  the  fidelity  of  advanced  design  solutions. 
In  the  funire,  we  will  implement  new  capabilities  in  the  areas 
of  geometry  manipulation,  analysis  methodology,  and 
automation  technology.  Planned  features  in  geometry  mamp- 
ulation  include:  direct  analysis  and  meshing  of  the  CAD 
geometry,  rapid  modeling  capabilities  for  creating  analysis 
models,  and  increasing  the  use  of  solid  models  in  the  design 
process.  In  the  future  we  will  be  implementing  advanced 
design  optimizabon  technologies,  P-method  solvers,  and 
increase  the  detailed  pan  analysis  and  opbmizabon  capability 
of  the  system.  We  will  also  continue  to  exploit  automabon 
technologies  m  the  areas  of  reconfigurable  process  manage¬ 
ment,  product  data  management,  engineering  workstation 
technology,  and  visualizabon  technologies. 

7.1  Geometry 

To  further  reduce  the  cycle  time  in  the  analysis  process  we 
will  implement  capabilibes  which  will  provide  for  direct 
meshing  and  analysis  of  CAD  geometries.  This  will  be 
accomplished  by  implementmg  mesh  technologies  that  work 
on  all  CAD  surface  and  solid  definibons.  This  capability  will 
eliminate  the  present  function  of  transferring  the  CAD  geom¬ 
etry  to  our  finite  element  meshing  programs  using  IGES.  In 
addibon,  direct  meshing  of  solid  models  coupled  with  P  or 
other  analysis  solvers  will  increase  the  speed  and  accuracy 
over  present  analysis  methods. 

We  win  also  be  implemenbng  a  rapid  modeling  capability  for 
engineering  analysis  technologies.  Presently,  engineering 
spends  much  of  their  time  developing  finite  element  models. 
Computer  Aided  Design  systems  are  offering  new  modebng 
techruques  which  engineering  can  exploit,  such  as,  entity 
associabvity  and  named  attributes.  We  will  ublize  the  enbty 
associabvity  features  to  provide  the  ability  for  our  analysis 
methods  to  automabcally  update  the  CAD  geometry.  We 
will  also  develop  methods  for  passing  design  attributes,  such 
as,  seebon  type,  material,  and  manufacturing  and  assembly 
process  informabon  between  analysis  tools.  Implementabon 
of  feamres  such  as  these  will  reduce  the  amount  of  bme  it 
takes  to  analyze  and  update  designs. 


7.3  AutomatiMi  Technology 

We  plan  to  develop  a  process  and  data  management  control 
system.  Due  to  the  flexibilitj'  of  the  system,  the  users'  of  the 
process  tend  to  lose  sight  of  the  best  path  K'  take  when  usmg 
It.  We  will  develop  a  set  of  standard  process  templates  which 
will  guide  the  engineer  through  the  analysis  process  Ln  addi¬ 
tion.  the  flexibibly  to  modifiy  the  process  using  a  ‘  motif- 
like"  user  interface  will  be  provided.  This  tool  will  allow  for 
the  standard  processes  to  be  modified  and  saved.  The  modi¬ 
fied  process  template  wifi  then  control  the  flow  of  data 
through  the  system  and  pro%~'‘r  project  status  to  the  appropn- 
ate  management  personnel.  An  example  of  how  this  reconfi- 
gureable  process  control  system  might  look  to  the  user  is 
shown  in  Figure  20. 

Computer  technology  continues  to  explode  in  the  areas  of 
cost  performance  and  graphics  visualization  Desktop 
wotkstabons  with  MFLOP  ratmgs  compareable  to  CRA'i' 
speeds  are  already  available.  The  increased  availability  of 
these  CPU  cycles  will  allow  new  types  of  solutions  to  applied 
to  old  problems.  In  addibon.  new  graphics  technology  is 
allowing  the  user  to  view  more  information  m  a  shoner 
amount  of  lime.  We  are  planing  on  moving  more  detailed 
engineenng  analysis  results  visualization  towards  these  new 
technologies. 

8.0  CONCLUSION 

At  McDonnell  Douglas,  we  have  developed  a  flexible  engi¬ 
neenng  design  and  optunization  system  which  uses  existing 
computer  codes  and  engineering  methods.  Using  basic  sys¬ 
tem  development  principles  such  as  common  geometry,  neu¬ 
tral  file  structures,  and  automated  data  transfer,  we  have 
developed  a  system  which  can  be  tailored  to  meet  the  needs 
of  most  aircraft  strucmral  design  problems.  With  this  process 
and  with  the  increased  efficiencies  in  computers  we  have 
been  able  to  reduce  our  design  cycle  time  on  programs  such 
as  NASP  from  6  months  to  6  weeks,  while  increasing  our 
confidence  in  the  results.  In  addibon.  we  will  contmue  to 
enhance  the  system  wath  the  u.se  of  rapid  modelers,  new  opti¬ 
mizabon  methods,  exploiting  the  latest  in  computer  technol¬ 
ogy,  and  by  adding  process  management  techniques. 


7.2  Analysis  Methodologies 

We  will  develop  and  implement  analysis  methods  which  will 
allow  the  system  to  transibon  from  an  advanced  design  tool 
to  a  detailed  design  tool.  We  plan  to  add  the  ability  to  epti- 
mize  detailed  parts  and  to  implement  P-method  and  boundary 
element  solvers  to  increase  the  fidelity  of  our  structural  analy¬ 
sis  tools.  We  also  plan  to  implement  engineering  analysis 
methods  which  allows  for  rapid  analysis  and  optimizabon  of 
detailed  surface  and  solid  parts.  Implementabon  and  training 
in  the  use  of  these  tools  will  enhance  the  accuracy  and  reduce 
the  cycle  bme  over  the  methods  presently  being  used  to  ana¬ 
lyze  these  parts. 
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1  .  SUMMARY 

Slructural  opliinisatioii  software  hears  a  (treat  promise  m 
miiltidiscipliii.ii  >  design  as  an  effective  way  to  find  an 
optimal  balance  between  the  rec|uitements  from  different 
disciplines  However,  successful  application  depends 
heavily  on  the  context  in  which  the  software  is  used 

I-'irst  of  all,  clearly  defined  design  objectives  are  neesicsi. 
The  design  of  a  modern  transport  aircraft  is  primarily 
determined  by  market  driven  renuiremciils  (letitiired 
functionality  for  minimtim  cost)  instead  of  technological 
advancement.  This  demands  a  strong  emphasis  on  cost 
reduction,  complicating  the  optimisation  process 

.Secondly,  accurate  piediction  of  design  loads  is  a 
prerequisite  for  successful  strtictural  optimisation  .Most 
aircraft  structures  are  dictated  by  strength  rather  thin 
stiffness  requirements  .So  it  is  clear  that  tiie  quality  of 
loads  predictions  has  a  major  impact  on  the  quality  of  the 
result  of  the  structural  optimisation  process  However,  due 
to  the  evolution  of  the  airworthiness  requirements  and  the 
increased  complexity  of  aircraft  systems  it  has  become 
increasingly  more  difficult  in  the  last  few  decades  to 
establish  the  design  loads  Thus  a  clear  need  exists  for 
quick  and  reliable  load  estimation  pri'cedurcs  The  paper 
discusses  some  measures  that  can  be  taken  to  improve  the 
load  definition  process. 

Finally  some  examples  of  successful  application  of 
structural  optimisation  software  at  Fokkei  Aircraft  are 
given.  The  primary  advantage  of  struclural  optimisation 
software  is  that  it  aids  a  skilled  designer  in  gaining  a  feel 
for  the  design  space.  It  should  thus  aid  the  designer  in  his 
creative  task  instead  of  distracting  his  attention  to  using 
the  software.  This  requires  the  soltware  to  be  user  friendly 
and  to  have  built-in  features  for  global  and  local 
sensitivity  studies. 

2  .  [NTRODUCTION 

Rapidly  increasing  computer  power  and  improved 
modelling  techniques  have  stimulated  the  use  of  computers 
in  the  design  process.  In  structural  design  the  Finite 
Element  Method  is  a  well  established  tool  In  the  last 
decade  FEM-hased  structural  optimisation  software  has 
gained  a  lot  of  attention.  In  ref.  1  a  review  of  developmenLs 
in  multidisciplinary  optimisation  .software  for  aircraft 
structures  is  given. 


.Structmal  optimisation  software  bears  a  great  promise  in 
multidisciplinary  design  it  can  be  an  elficient  way  to  find 
an  opiimal  balance  between  the  requirements  from  different 
disciplines  However,  successlul  application  of  structural 
optimisation  software  depctul.s  heavily  on  the  c.-ntext  ill 
which  the  software  is  used  lo  be  suscessful  it  must  be 
embedded  in  the  overall  design  process  ifig  1  i 


allowables  constraints 

Fia.1:  context  for  structural  optimisation. 

First  of  all,  clearly  defined  design  objectives  are  needed  in 
order  to  get  a  proper  optimisation  criterion.  In  section  3 
some  considerations  on  these  design  objectives  are 
prc.scntcd:  obviously  cost  data  will  play  an  increasingly 
important  role  in  modern  aircraft  design 
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Si’ci'iKlly.  jixiuutc  jiiciiictuin  ul  loaJ  ta'.es  is  a 

prcicquisite  lor  slailing  stiiJcliiial  opijiiiisalion  This  may 
sound  rulhci  uivial  l<ut  in  piaciioc  this  iaipiiicnient  is  rarely 
fulfilled.  Already  in  l‘J57  I’ruf  van  dei  Neut  (ref  2) 
eoneluded  that  the  faelur  of  safely  is  needed  alniosl  eiilirely 
lo  account  for  uncertainly  in  external  loads  and  only  a  very 
small  part  of  it  accounts  for  scatter  in  strength  of  aircraft. 
In  1990  van  Dullemen  (ref.  7)  slated  that  “the  importance 
of  structural  analysis  is  that  it  has  to  show  that  in  the  end 
the  structure  is  still  strong  enough  for  the  latest  set  of 
loads.  ....  there  seems  to  he  an  imhalaiice  helwecii  the  urge 
to  sophistication  in  strength  analysis  and  ihe  level  of 
accuracy  of  external  loads".  Although  (lerhaps  for  different 
reasons,  they  came  both  to  the  conclusion  that  the 
accuracy  of  external  loads  is  the  most  crucial  factor  in 
structural  design 

Obviously  in  the  design-phase  there  is  still  a  lot  of 
uncertainty  in  the  dimensioning  load  cases  In  section  4 
some  difficulties  in  the  loads  definition  process  are 
described.  Section  5  discusses  the  possibilities  of 
improving  multidi.sciplinary  design  in  general  with  a  focus 
on  the  loads  definition  process.  I'inally  section  6  gives 
some  examples  of  the  application  of  optimisation  software 
in  structural  design  at  Fokker  Aircraft. 

3  .  DESIGN  OBJECTIVES 

The  comtncrcial  aircraft  industry  has  entered  its  maturity 
phase.  The  design  of  a  modern  transport  aircraft  is 
primarily  determined  by  market  driven  reriuirements 
(required  functionality  for  minimum  cost)  instead  of 
technological  advancement.  Application  of  new 
technology  has  to  be  balanced  against  its  inlluence  on 
aircraft  operating  cost.  The  influence  of  cost 
considerations  in  aircraft  design  is  clearly  shown  in  ref  4.: 
a  comparison  is  made  between  designs  for  miniinum  life¬ 
cycle  cost.  Direct  Operational  Cost  (DOC),  acquisition 
cost,  minimum  fuel  and  mass.  A  breakdown  of  the  IXX’  of  a 
transport  aircraft  (ref  .*))  is  shown  in  fig  2 
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Fig.  2:  breakdown  of  (Jirect  operational  cost 


The  three  most  important  components  are  luel  cost, 
maintenance  and  depreciation.  So  it  is  not  surprising  that 
the  designer  of  aircraft  structures  is  increasingly 


conirouted  vvith  iiKimtciiJiKc  .iikI  pi»Klucti«>n 

On  the  revenue  side  it  is  uselui  to  have  a  look  at  Uie  maij» 
hieakdiiwii  of  an  aiiciaft  In  fig  '  itie  hieakdo^n  of  the 
DcMgn  lakeult  (DIOM)  ot  the  l  okkei  l(X)  is  shosvn 
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Fig.  3:  breakdown  of  DTOM  of  Fokker  100 


■Some  cumments  cuii  he  mude  with  respect  lo  ihis 
bieakduwu: 

•  Payload  is  the  most  importaiil  parameter  for  transport 
aiiciafl.  The  leverage  of  reduction  of  the  O[)eralional 
Empty  Mass  on  payload  increases  if  the  payload 
portion  is  smaller.  Thus  the  emphasis  on  mass 
reduction  will  vary  accordingly.  For  instance,  a  rough 
indication  of  the  allowed  expenditure  per  kilogram 
mass  reduction  per  aircraft: 

-  a  helicopter  project  (payload  10%):  $5,000, 

-  a  transport  aircraft  project  (payload  25%):  S6(X) 

•  The  basic  structure  is  only  about  20%  of  Design 
Fakeoff  Mass  Therefore,  the  influence  of  a  change  of 
basic  slructiire  mass  on  external  loads  is  relatively 
small 

•  Three  main  areas  for  mass  reduction  exist: 

1:  l.arye  vendor  parts,  like  avionics  units,  wheels, 
brakes,  emergency  equipment  etc.  Mass  reduction  is 
based  on  the  ability  to  get  the  proper  contractual 
guarantees. 

2:  Miscellaneous,  that  is  cabin  interior  etc.,  generally 
referred  lo  as  "artists'  work"  by  the  mass  engineer. 
Mass  reduction  is  based  on  giving  the  artists  a 
"conscience"  by  imposing  strict  mass  control. 

.3:  The  basic  .structure,  mass  reduction  is  primarily 
based  on  the  quality  of  the  structural  design  process 
(quality  of  external  loads,  dimensioning  rules, 
optimisation ) 

("onclutling  it  can  be  said  that,  although  design  to  cost 
issues  will  have  an  increasing  influence,  mass  reduction 
remains  an  important  issue  in  aircraft  design.  Structural 
optimisation  is  aimed  at  reduction  of  about  2/5  of  the 
Manufacluring  limply  Mass  of  an  aircraft. 


4  .  OKTKRMINATION  <)!•  l.OMiS 

Fhe  loaJs  JcfinitKHi  i>i  a  complex  process  in  aiiciali 
design.  I.oads  are  inMueiiceJ  hy  almost  every  a.%j'>c’ci  oT  Ihe 
design.  In  order  to  run  structural  opiimisalum  M>l’twaje  it  i.s 
necessary  to  know  the  design  loads,  or  at  least  preliminary 
estimates  of  the  design  loads  However,  the  loads  cannot 
yet  be  determined  with  high  accuracy  in  the  preliminary 
design  stage.  Sr  '.he  design  process  has  to  start  with 
relatively  crude  assumptions  concerning  the  design  loads. 
As  more  information  becomes  available  during  the  slesign 
process  (e  g  aerodynamic  data,  muss  and  stiffness  data, 
systems  characteristics),  loads  can  be  established  more 
accurately,  enabling  further  iterations  in  the  optimi.satii»n 
process. 

Most  aircraft  structures  are  dictated  by  strength  rather  than 
stiffness  requirements.  .So  it  is  clear  that  tlic  ijiiality  id 
loads  prediction.s  has  a  ma|i»r  unp.icl  on  the  «.|ualuy  of  the 
result  of  the  opliim>ation  process. 

Due  U>  the  evolution  of  the  airworihine.ss  requiiemcnis  and 
the  increa.sed  complexity  of  aircraft  systems  u  has  beemne 
increasingly  mure  difficult  m  the  last  few  decuiles  to 
establish  the  design  loads.  Some  illustraiions  of  this  iieiul 
are: 

•  (lUst  loads  must  be  calculated  acctndmg  to  the  runed 
Discrete  (iu.st  concept,  leading  to  a  vast  number  of 
time  histories  to  be  consulcrcd  for  the  selection  of 
critical  conditions.  In  addition,  the  (’ontinuous 
Turbulence  requirement  has  to  be  satisliod.  which 
involves  the  calculation  of  many  sets  of  corielaled 
loads.  Tor  all  of  these  analyses  a  fully  flexible 
structural  dynamic  model  has  to  be  uscvl.  and  an 
accurate  method  to  prciiict  the  unsteady  aerodynamic 
loading  i.s  needed.  Previously,  gust  loads  could  be 
based  on  the  simple  so-called  Pratt  formula, 
representing  a  one  degree  of  freedom  (heave  i>nly) 
discrete  gust  analysis. 

•  Gust  and  manoeuvre  loads  are  highly  dejXMuleiU  on 
systems,  such  as  the  flight  cmitrol  system  and  active 
control  systems.  The.se  system.s  may  have  complex 
control  laws,  (  lose  co-operation  between  among 
others  the  systems  and  loads  deparlincriis  is  required  in 
order  to  obtain  an  optimal  design  of  these  systems, 
taking  into  account  all  relevant  systems  effects, 
including  nonlincarities  and  the  efiects  of  failures  and 
their  probabilities  (ref.  6.7).  In  the  early  stage  of  the 
design  a  Systems  Safely  Analysis  (SSA)  should  be 
carried  out.  The  required  redundancy,  loading,  and 
damage  tolerance  icquiieinents  are  fully  dependent  on 
the  results  of  this  analysis  I’hc  loads  department 
should  select  all  loads-relevanl  failure  cases  from  all 
failures  given  in  the  SSA  In  (he  past,  these  systems 
were  relatively  simple  (e  g.  yaw  dampers)  or  did  not 
exist. 

•  Landing  loads  have  to  he  rleteimined  by  dynamic 
analyses  using  flexible  dynamic  model.s  of  the 
undercarriage  and  the  airframe.  Because  according  to 
the  regulations  the  method  of  analysis  may  be 
modified  on  the  basis  of  flight  lest  incasuiement.s.  it  is 


likely  that  accurate  landing  loads  will  not  be  available 
until  late  in  the  development  process  Pormerly  only 
.some  relatively  simple  book  cases'  were  applicable 
e  g.  to  calculate  the  spin-up  and  spring-back  loads 

l•rom  (he  tdregoing  it  will  be  clear  that  the  final 
certificati^m  loads  are  not  available  until  completion  of 
flight  testing  Iherefore  it  is  necessary  to  base  the 
structural  design  of  the  aircraft  on  another  set  (*f  loads 
Ideally,  these  design  loads  are  slightly  conservative  with 
respect  to  the  final  certification  loads,  but  their 
conservatism  eauuo.  be  guaranteed  in  advance  and  lou 
much  conseivalism  (or.  more  generally,  loo  large  errors  in 
the  loads  predictions)  may  lead  to  a  suh-opiimal  design  t)r 
can  even  render  the  u[)limrsaiion  proces-s  useless.  An  eaiK 
and  accurate  prcrliclion  of  the  loads  is  thus  a  condition  b»r  a 
.succcs.sful  structural  design  optimisation 

I  oi  pijctical  purpi'ses  the  .structural  c'plimi'atii>fi  must  be 
based  on  a  relaliveis  limited  set  ol  lt>.jd  cases,  iioi  more 
than  a  few  hun  JrcLl  l  or  design  and  for  cerlifiv  ation, 
however,  many  more  load  cases  have  to  be  investigated 
riieir  number  may  he  m  the  10'^  to  li)^’  brawket  It  j.s  tiius 
necessdiy  l»>  reduce  this  number  of  load  cases  by  means  of 
an  appropriate  rediJclion/>eleciion  piocess  (bx'd  c«» 
ojvralion  between  the  loads  and  stres.s  departmen's  is 
required  to  establish  the  .selection  criteria  The  automated 
selection  process  may  he  more  com[>licated  when  some  of 
the  Io.kI  cases  have  not  vet  been  calculated,  hut  still  have 
ti»  be  estimated. 

It  IS  evident  that  a  need  exists  for  quick  and  reliable  Ii*ad 
csiimatHMi  piocedures  e.niv  in  the  design  proce.ss  In  the 
next  section  some  measures  will  he  discussed  that  can  he 
taken  li>  impiove  the  loads  deliiulion  jiroces.s 


5.  Ml'LliDlSClLLINAKY  I)KSI(;N  AT  KOKKKR 

A  key  element  in  engineering  design  is  (he  use  of 
approximations  to  solve  the  design  task  These 
approximations  aie  clearly  shown  in  the  variety  of 
computer  models  u.sed  l  okker  started  to  use  computers  for 
aeroelastjc  calculations  on  the  1*27  m  1*155  Although 
simple  computational  models  were  used,  useful  data  were 
obtained.  Soon  after,  other  disciplines  followed  in  the  use 
ol  computers  In  1*)76.  when  the  first  engineer  friendly  ’ 
DITTO  computer  aiTived  at  l  okker.  almost  every  discipline 
had  automated  its  design  methods  to  a  considerable  degree 
Ibis  effort  was  generally  uncoordinated  resulting  in  islands 
of  modelling  and  automation  I'his  wa.s  not  felt  a.s  a 
problem  because  of  the  clear  benefit  of  speeding  up  and 
increasing  the  quality  of  the  local  processes. 

However,  the  goal  of  modern  aircraft  design  is  to  optimise 
the  total  aircraft  rather  than  the  individual  components. 
Achievement  of  this  goal  requires  a  clo.se  co-operation 
between  all  disciplines  influencing  the  design.  A  primary 
success  factor  is  the  capability  of  interdisciplinary 
communication.  It  was  concluded  that  the  islands,  although 
efficient  and  comprehensible,  also  had  their  drawbacks: 

•  it  resulted  in  time-consuming  'Translation"  of  data. 


y-4 

•  models  were  different  in  many  details,  obstuniij;  the 
necessary  communication 

•  consequently  methods  for  estimating  fi»r  example 
mass,  aerodynamics  and  stiffne:»s  were  too  slow 


Fig.  4:  islands  of  modelling  and  automation 

This  coiiciusioii  resullcd  in  j  inoio  syslcinalic  oilml  al 
Fokker  to  improve  the  design  piotcss.  Two  Mulli 
Disciplinary  Design  (MDD)  groups  were  formed: 

•  project  group  "MDD  structures",  aimed  at  integration 
of  the  structural  design  process 

♦  project  group  "MDD  flight  dynamics",  aimetl  at 
integration  of  different  aspects  of  aircraft  dynamics 

Clearly  the  two  groups  have  a  lot  of  interconnections  One 
popular  result  was  a  poster  showing  the  basic  interactions 
between  disciplines  and  the  different  models  they  use.  It 
was  used  as  an  aid  during  the  discussions  about 
opportunities  for  process  improvement 


1:  re-orientation 
2;  model  integration 

3:  automated  data-translation  and  transfer 
4:  quick  and  reliable  estimation  methods 


Current  actions  lo  unprote  the  design  process  locus  oi.  die 
following  subjecis 

5.1.  re-orientation 

flood  communicaiioii  between  the  members  ol  the  design 
team  is  needed  .  t'ecaose  decisions  which  were  UadiUoiuh > 
made  within  one  discipline  may  have  a  much  bigger  impaci 
on  other  disciplines  than  before  An  example  is  the 
previously  mentioned  interaction  between  systems  and 
structures.  This  communication  must  have  the  attention  of 
programme  management,  e  g  through  the  creation  ol 
interdisciplinary  teams  which  are  responsible  for  certain 
well  defined  tasks  Programme  management  is  also 
responsible  for  formulaling  the  right  design  recjuiremeiUs 
on  which  the  design  must  be  based  Ihese  recjuiremeiiis 
must  be  clearly  known  and  understood  by  everyone 
concerned  The  progress  of  the  design  process  must  be 
reviewed  |vriodically  or  on  the  basis  of  milesiones  lo  be 
achieved,  eg  by  means  of  design  reviews 

One  example  is  the  necessars  re  orienlalion  of  the  loads 
departineiil  Hie  newly  defined  design  piocess  has  major 
implications  for  this  department,  which  lrac,.lionally 
gathered  ail  lire  necessary  information  and  :  .en  started  to 
calculate  the  resulting  design  loads  ’Die  challenge  was  to 
calculate  the  loads  accurately,  lo  include  all  relevant 
dimensioning  load  cases  and  lo  show  compliance  with  the 
certification  regulations  But  in  inoilerii  aircraft  design  the 
job  of  the  loads  group  is  even  more  challenging  The 
possibilities  ol  infiuencing  loads  have  grown  due  to  new 
system  concepts  iload  alleviation  functum.  flight 
envelope  protection,  stability  augmentation  systems, 
autolaiull  i’iiis  rei)Uires  a  change  fiom  a  reactive  to  a  pro¬ 
active  attitude  Ihe  loads  department  is  moving  to  the 
centre  of  Ihe  design  proves.,  fuHv  participating  in  Ihe 
early  tiecision  making  process 

5.2.  model  intei'ration 

As  mentioned  before,  different  uisciplines  use  their  own 
abstractions,  model  conventions  and  software.  Often  this 
IS  not  a  real  problem  but  multidisciplinairy  optimisation 
can  be  obslrucleil  by  the  lime-consuming  "translation"  of 
data  from  one  model  lo  the  other  <  ommunicalion  can  he 
improved  significanlly  if  different  disciplines  are  able  to 
use  the  same  model  communication  can  be  ilorie  at  the 
same  level  of  abstraction  without  all  kinds  of  detail 
movlelling  differences  obscuring  the  discussion 

One  might  think  of  building  a  global  program  which  will 
solve  all  of  the  modelling  problems.  But  potential 
problems  for  such  an  MDD-syslem  are:  global  programs 
take  years  of  development  time  and  an  unpredictable 
resource  consumption,  rurlhermorc,  when  they  arc  finally 
developed,  they  are  incomprehensible  to  the  ordinary 
aircraft  designer,  because  he  is  unable  to  transform  his 
experience  with  existing  models  lo  the  new  system.  Rather 
a  step  by  step  approach  is  being  pursued:  special  woiking 
groups,  re.sorting  under  the  MOD  project  groups,  focus  on 
tackling  one  piece  of  Ihe  pu/./.le.  Hiis  approach  allows  for 
close  participation  and  corrections  during  Ihe  process 


Fig.  5:  ODDortunities  for  process  improvement 


Some  examples  of  model  iniepration  acuvmes  arc: 

•  inlegraiion  of  the  undercarriage  model  with  the 
structural  loads-model  for  simulation  of  trnical 
landing  and  taxiing  load  cases 

•  integration  of  the  structural  models  for  acroelasuc  and 
loads  calculations. 

•  integration  of  the  GAMMA  modelling  system  for 
Computational  Fluid  Dynamics  (CFDi  and  the 
NASTRAN  structural  model  isith  an  advanced  method 
for  transonic  aeroelastic  simulations  (ref  8) 

•  integration  of  modules  (aerodynamics,  engine, 
systems,  undercarriage)  to  build  an  aircraft  simulaiion 
tool  for  studying: 

-  handling  qualities 

-  loads  due  to  instauonary  manoeuvres 

-  control  laws 

5.3.  automated  data-tran.slation  and  transfer 

A  basic  problem  in  data-translation  and  transfer  is  non- 
uniformity  in  definition  of  axis-systems  and  units  A  lot  ot 
time  IS  wasted  due  to  misunderstanding.s  arising  from 
incompatible  definitions  If  data-translation  is  to  be 
automated,  this  is  a  first  item  to  resolve  Furihennorc.  it  is 
useful  to  pursue  a  database  centred  approach  in  order  to 
reduce  the  number  of  interfaces  required  a  central  file- 
structure  supports  a  variety  of  appli  aiions. 
communication  is  accomplished  via  this  file  structure 


Fig. 6  (iatabase  centred  approach  in  datatransfer 

This  approach  has  hasicalh  been  followed  during  the 
restructuring  efforts.  In  practice,  this  means  that  the 
number  of  file  structures  will  be  red  'ced,  but  not  brought 
back  to  one! 

5.4.  quick  and  reliable  estimation  methods 

Quick  and  reliable  estimation  methods  are  nece.s.sary  early 
in  the  design  process  In  struciurai  design,  load  esiunaiion 
is  crucial  hut  reliable  estimates  can  only  he  made  if  the 
essential  input  data  is  available.  Starling  point  for 
estimation  methods  is  a  parametric  preliminary  design  and 


ihe  external  aerodynaim;  shape  usually  designed  with  CFP- 
codes 

Some  examples  of  curren;  acusiiies 

•  estiinatioii  of  mass  data  (crip!)  aircrafl  ali  rcitsanl 
payload/fue)  coriJiiions  ,| 

•  eslimaiion  of  siiffness  h.isej  or  the  external 
acrodyi.a:n:c  shape  -  struciuia!  cor.ee’p! 

•  eslimaiion  of  aerodynamic  data  using  C'Fi'<-codes. 
empirical  rules  and  rules  for  scaling  aerodsnamic  data 
from  previous  projects 

6  .  OPTIMI.SATION  EXAMPLE.S  AT  EOKKER 

In  this  section  some  examples  of  the  applicat.  '  of 
optimisation  software  in  struclural  design  ai  Fokker 
Aircrafl  are  presenied  The  examples  are  concerned  with  die 
design  of  structural  details  Although  nol  reads  spectacular 
they  do  reflect  the  general  attitude  of  the  structural  designer 
towards  formal  opiimisalion  many  struclural  design 
problems  are  considered  as  being  too  complex  to  be 
supported  bv  optimisation  software,  because  ol  the  mans 
aspects  to  be  considered  simultaneousls  (fatigue,  damage 
tolerance,  production  constraints,  cost,  maintainabilils 
ctc-1.  Optimisation  of  structural  details  is  considered  as 
more  comprehensible  for  formal  oplimisalion  procedures, 
the  [xroblem  has  a  well  defined  scope,  dimensioning  loads 
are  available  and  d  is  more  obvious  how  cost  data  should 
he  taken  into  account. 

b  .  1  .  Fuselage  cut-outs 

Tne  fust  example  is  the  develupment  of  a  design  too',  lo  aid 
in  »he  design  of  fuselage  cut-outs,  Pre/posl-p'ocessing 
procedures  arc  developed  using  PATRAN,  MSC/NASTRAN 
IS  used  as  soWer/optimiser.  Development  of  the  design 
u>ol  Is  a  co-operative  eftorl  of  Fokker  .Aircraft  and  the  Delft 
Universiiv  of  'I'cchnolcgv . 


Fig  7:  structural  model  of  fuselage  cut-out 


Purpose  ot  'Jje  design  Uml  is  lu  determine. 

•  shupe  and  thickness  ol  skiri-reiiilorceiiieiits  traiiics. 
doublers)  around  the  cut-out. 

•  skin  thickness 

•  shape  ot'  the  edge  sU'ingers 

•  the  comer  radius  ot  the  cut-out 

Objective  is  mass  minimisation  The  shape  of  the  doublers 
and  the  comer  radius  can  only  be  optimised  by  design 
variation  i  e.  manual  sensitivity  studie  i  because  shape 
optimisation  is  not  yet  available  in  MSC/NaSTRAN. 
though  it  can  provide  local  sensitivities  for  caonges  in 
node  position. 

6.2.  Stiffened  panels 

The  second  example  is  an  optimisation  code  for  suffened 
panels,  PANOPT  (ref,  9,10).  This  program  is  capable  of 
analysing  and  optimising  composite  prismatic  panels 
subject  to  constraints  with  respect  to  buckline,  strain, 
stress,  displacements  and  technological  limits  The 
object. ve  of  the  optimisauon  is  mass  reduction.  The  set  of 
design  variables  consists  of.  for  instance,  stiffener  pitch, 
stiffener  height,  skin  laminate  thickness  and  fibre 
orientation. 


and  preterred  sire  and  directions  .it  the  lasers  B.it  als.i 
damage  tolerance  considerations  impose  limitations  on  tbe 
lay-up.  The  geometry  is  optimised  using  P.\,S\)1’T  1 
allows  the  designer  to  gam  insight  very  quickly  in  the 
inlduence  of  stringer  shape  and  pitch.  Ihis  insight  is  used 
in  application  of  the  stiffened  panels  m  lor  instance  wmg 
design. 

b.J.  Shape  optiniisaliuii  of  structural  details 

The  tliird  example  is  concerned  with  shape  optimisation  of 
structural  details  such  as  brackets  plate  elc.ments  etc  Die 
.VI  ■ehanica.  Applied  Structures  optimisation  software  .it 
R.ASNA  corp.  (ref.  11)  is  used  for  this  purpose  This 
product  IS  a  good  examj  le  of  how  optimisation  software 
should  support  structural  design. 


Design  variables:  R  and  H 
Constraints:  .Tiaximurn  allowed  stress 
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F'g,  9-  typical  octinnisation  problem  of 
a  structural  detail 


Fig.  8  example  of  a  stiffened  panel  and 
some  of  its  design  variables 


Two  aspects  can  be  recognised  in  optimising  a  panel.  The 
first  aspect  is  the  geometry  i.e  position  and  >hape  of 
.tiffeners.  The  second  aspect  is  the  lav-up  of  the  composite 
layers.  When  production  constraints  are  liken  into 
account,  it  is  much  easier  to  change  the  geometry  without 
cost  penalties  than  it  is  to  change  the  lay-up.  Production 
constraints  impose  for  instance  discrete  layer  thickness 


The  software  is  based  on  the  Geometry  Element  Method, 
making  model  build  time  relatively  short.  The 
optimisation  strategy  is  very  well  supoorled  by  the 
software; 

'  Dinld  Ihe  model  and  jfef  a  feel  for  -he  design  problem 
The  software  supports  this  step  with  comprehen.sive 
modelling  capabilities,  convergence  control, 
c  invergence  g.aphs  and  extensive  post-processing. 

2*  .Sensiiis  iv  stiidv  this  is  supporuid  by  possibilities  to 
define  the  design  variables,  shape  animation  to 
explore  the  design  space,  automatic  global  and  local 
sensitivity-studies,  sensitivity  graphs  etc. 
Optimisation:  supported  by  a  monitonng  function  on 
the  automatic  optimisation  process,  review  of 
optimisation  history  and  evaluation  functions  on  the 
optimum  design. 

Step  1  and  2  are  most  crucial  in  the  optimisation  process 
and  require  extensive  knowledge  of  structural  design 
(exclude  details  that  are  unimportant  from  a  structural 
standpoint,  select  appropriate  elements  and  select  the 
important  parameters  for  optimisation  i.  Step  3  is  fairly 
straightforward  if  the  first  two  steps  are  carried  out 
proper'y 
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7  .  CONCLUDINC  KKMAKKS 

Multidisciplinary  design  ami  opliinisaliim  is  primarily 
based  on  the  ability  of  groups  to  eommuiiieate  effectively. 
It  is  believed  that  inultiilisciplinary  optimisation  software 
can  contribute  significantly  to  this  commumcation. 

However,  successful  application  of  structural  optimisation 
software  is  primarily  dependent  on  the  quality  and  speed  of 
the  loads  input  on  one  hand  and  cost  dala/productioii 
constraints  on  the  other  Only  if  the  stiuctural  designer  is 
provided  with  this  data  is  he  able  to  properly  use  his 
optimisation  software 

ITic  primary  advantage  of  structuial  optimisation  software 
is  that  it  aids  a  skilled  designer  in  gaining  a  feel  for  the 
design  space.  It  should  thus  aid  the  designer  in  his  creative 
task  instead  of  distracting  his  attention  to  using  the 
software  ITiis  requires  the  software  to  be  user  friendly  and 
to  have  built-in  features  for  sensitivity  studies. 
Optimisation  software  requires  more,  not  less  knowledge 
of  the  design  problem  and  the  model  tiscil  It  helps  a  skilled 
designer  m  getting  to  the  optmuim 
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Li-  Introducti on 

Meanwhile  already  the  second  and  nearly 
third  generation  of  active  controlled  ci¬ 
vil  transport  A/C  is  flying  and  for  the 
design  engineer  it  has  become  a 

business  as  usual 

But  before  this  happened,  we  all  had  to 
run  through  an  intensive  learning  process 
because  we  had  to  real’ze  that  the  inter¬ 
action  of  the  different  disciplines  was  by 
far  more  intensive  than  in  all  other  A/C 
designs  we  did  before. 

Having  now  lea  and  what  is  sometimes 

more  difficult,  having  reached  the  accep¬ 
tance  of  all  organizations  involved  that 

MORE  INTENSIVE  INTERDISCIPLINARY  COOPER¬ 
ATION  IS  NEEDED 

the  second  problem  appears 

how  to  transfer  this  into  daily  work. 

We  all  knew  in  theory  how  it  could  work 
and  what  the  tools  to  handle  such  problems 
could  look  like  but  we  do  not  wake  up  one 
morning  and  the  tools  are  there.  They  have 
to  be  specified,  to  be  developed,  to  be 
validated,  and  in  parallel,  as  our  main 
task,  we  have  to  develop  the  A/C  in  time. 

What  was  said  before  shows  that  we  are  in 
front  of  a  very 

complex  technical  process 

and  far  away  from  the 

idealized  laboratory  conditions 

where  one  just  starts  a  software  and  the 
result  is  the 

ideal  design. 

It  is  nevertheless  believed  that  it  would 
not  be  wise  to  try  to  make  this  to  a  fully 
automated  process,  because  it  will  be  im¬ 
possible  to  formulate  all  the  engineering 
experience  and  expertise  in  an  adequate 
manner  and  relationship. 

So  the  work  in  this  field  has  to  be  very 
pragmatic,  and  at  the  end  of  the  design  of 
several  A/C  of  this  kind  there  might  exist 
an  adequate  tool  to  improve  this  process. 

We  now  want  to  present  such  a  pragmatic 
way  of  real  A/C  design  under  industrial 
conditions  and  in  an  international  coope¬ 
ration  which  does  not  simplify  the  problem 
at  all.  Fig.  1  shows  the  more  intensive 
interactions  of  the  different  disciplines. 


2.  Items  of  the  djesign  process 

2.1  Geometrical  and  structural  design 

The  first  step  in  the  A/C  configuration 
finding  process  is  the  geometrical  design 
based  on  design  criteria  such  as: 

number  of  passengers/pav 1 oad  to  be 
transported . 

range,  cruise  speed,  fuel  consumption, 
manoeuvrabi 1 i ty ,  control  lability, 
commonality  and  maintainability. 

With  the  geometrical  design  of  the  A/C  its 
preliminary  aerodynamic  layout  and  perfor¬ 
mance,  principles  of  structural  componen¬ 
ts,  controls,  and  systems  are  given. 

In  a  subsequent  design  cycle  the  structu¬ 
ral  design  and  a  detailed  system  layout  is 
carried  out.  The  sizing  of  the  structure 
is  determined  in  the  first  step  by  the 
ig-,  manoeuvre-,  gust-  and  ground  loads 
which  are  mainly  influenced  by  the  overall 
aerodynamic  and  mass  distribution.  but 
also  by  fatigue  loads  and  the  flutter  be¬ 
haviour  of  the  A/C  for  all  loading  cases. 
Outputs  of  this  structural  sizing  process 
are  among  other  things: 

stress-,  stiffness-  and  mass  distribution. 

Reliable  stiffness  and  mass  distribution 
are  besides  the  steady  and  unsteady  air¬ 
force  distribution  the  premises  for  reli¬ 
able  loads  and  flutter  standards.  That 
means  an  interdisciplinary  optimisation 
process  has  to  be  carried  through  for  the 
elastic  design  of  an  A/C  which  is  made 
much  more  complex  by  an  Electronic  Flight 
Control  System  equipped  on  the  A/C.  Usual¬ 
ly  the  structural  design  is  performed  in 
relation  to  an  official  programme  go  ahead 
and  in  this  frame  a  lot  of  significant 
items  has  to  be  concluded  and  defined  as: 

o  definition  and  order  for  structural  long 
lead  items  as  unconventional  and  conven¬ 
tional  materials,  forgings,  ect. 
o  definition  and  order  of  major  aircraft 
systems,  as  computers,  servoactuators 
etc . 

o  definition  of  manufacturing  devices 
(production  tools) 

o  time  schedule  for  production  drawings 
o  manufacturing  of  engineering  mock-ups 
and  test  specimen 

By  taking  into  account  the  treatment  of 
the  mentioned  points  and  manufacturing 
constraints  in  addition,  parts  of  the 
structure  have  to  be  frozen  just  on  a  pre- 
1 i mi  nary  bas i s . 

Therefore  the  optimization  process  is  ap¬ 
plicable  only  on  a  reduced  number  of  de¬ 
sign  variables  whereas  the  knowledge  un 
derlying  the  design  process  increases  with 
progressing  time  (Fig.  2)  [1]. 
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2.2  Problems  with  a  reliable  stifrness 
model  of  the  A/C 

The  stiffness  distribution  for  the  A/C  is 
derived  iteratively  from  the  structural 
sizing  process.  A  reliable  stiffness  dis¬ 
tribution  for  an  A/C  component  is  required 
timely  before  the  freezing  date  of  the 
component.  This  shall  be  underlined  by  a 
typical  example: 

The  Jig  shape  of  an  A/C  wing  is  determined 
by  the  subtraction  of  the  deformation  in¬ 
duced  by  1g  loads  for  cruise  conditions 
from  the  mean  optimal  flight  shape  defined 
by  the  aerody nami c i sts .  The  performance  of 
the  A/C  is  wrong  if  for  such  determination 
unreliable  stiffness-  or  aerodynamic  load 
distributions  are  used. 

The  best  representation  of  the  stiffness 
of  an  A/C  component  is  given  by  a  FE-mo- 
del .  Usually  tne  FE-models  are  established 
by  the  stress  office  and  used  mainly  for 
the  calculation  of  stresses  of  A/C  compo¬ 
nents.  To  get  a  stiffness  model  for  the 
A/C,  the  FE-models  of  the  components  have 
to  be  composed.  But  such  a  model  requires 
the  correct  idealization  for  all  load 
paths  which  is  not  really  necessary  for 
stress  calculation  of  A/C  components.  That 
means  the  representation  of  a  reliable 
stiffness  distribution  for  the  A/C  is  an 
interdisciplinary  task  for  the  discipli¬ 
nes;  stress,  loads  and  aeroe 1 asti cs .  Vali¬ 
dation  possibilities  for  the  stiffness  mo¬ 
del  are  the  Ground  vibration  Test  i  GVT ) 
and/or  the  Static  Stiffness  and  Strength 
Tests.  These  tests  are  performed  at  a  time 
when  the  above  mentioned  iteration  process 
IS  already  finished  long  time  ago.  That 
means  the  structural  A/C  design  has  to  be 
frozen  with  stiffness  distributions  for 
the  A/C  components  which  may  be  more  or 
less  reliable.  From  this  point  of  view 
structural  optimisation  results  may  fail 
by  using  them  for  weight  saving  procedu¬ 
res  . 

i--Q  Electronic  Flight  Control  System 
lEFCS) 

3.1  System  description  on  Airbus  A/C. 

Before  starting  to  give  aim  and  object  of 
the  EFCS  a  short  description  of  some  fea¬ 
tures  of  the  flight  control  and  the  EFCS 
is  gi ven . 

With  exception  of  the  hydraulic  actuators 
of  the  rudder  the  actuators  of  all  other 
control  surfaces  are  electrically  control¬ 
led  on  the  concerned  Airbus  A/C.  The  input 
valves  of  the  rudder  actuators  are  connec¬ 
ted  by  push  rods  to  the  yaw  damper  actua¬ 
tor  outputs.  These  are  controlled  mechani¬ 
cally  with  the  pedal  inputs  by  ropes  as 
well  as  electrically  by  the  flight  compu¬ 
ter  signals. 

Fig.  3  shows  a  principle  sketch  of  the 
working  method  of  an  EFCS.  The  angles, 
rates  and  accelerations  of  the  aircraft 
are  measured  by  the  Air  Data  Inertial  Re¬ 
ference  Unit  (ADIRU).  Appropriate  to  the 
pilot  command  the  flight  control  computers 
calculate  the  required  control  surface  de¬ 
flections  for  controlling  the  aircraft 
based  on  the  data  measured  by  the  ADIRU 
which  are  fed  back  to  the  flight  control 
computer  and  incorporated  by  means  of  con 


trol  laws.  The  gains  of  the  different  .on 
trol  laws  depend  on  speed.  M-number  ana 
configuration  features  of  the  aircraft. 
Into  the  EFCS  the  Pitch  Control,  Rol'  Con¬ 
trol.  Yaw  Control,  as  well  as  Auto  Pilot. 
Active  Control  Functions  and  so  on  are 
1 n  tegrated . 

3.2  General  Features  of  EFCS 

The  introduction  of  EFCS  into  the  AirDus 
design  of 

A  320  and  A  321 
A  330  and  A  340 

has  to  be  regarded  as  a  revolution  in  ci¬ 
vil  av 1  at  1  on . 

The  real  layout  target  was  in  general 
Handling  Quality  (HQ) 
by 

tailoring  the  HO  of  an  A/C  with  redu¬ 
ced  natural  stability  through  systems 

with  the  further  intention  to 

improve  the  safeuv  bv  piutections  of 
angle  of  attack 
load  factor 
cverspeea 

bank  angle  /  rol 1  rate 
etc . 

improve  the  maintenance  by 

using  anywav  recorded  flight  data 
1 nf ormat 1  on 

using  systems  anyway  available  for 
safetv  monitoring 
as  information  for  maintenance 
ground  staff 

•  reduce  crew  training  in  general  but 

especially  when  changing  from  one  type 
to  another. 

Once  having  decided  to  go  this  way.  the 
EFCS  offers  the  design  engineer  further 
chances  in  other  domains  as 

general  trend  to  reduce  design  loads 

special  alleviation  devices  for 
manoeuvres 
gust 

augmentation  for 
flutter 
vibration 

improvement  of  ride  comfort 

aircraft  condition  monitoring  for  fa¬ 
tigue  in  relation  to 

inspection  interval 
A/C  life  (see  Fig.  4) 

But  as  always  in  life,  everything  has  more 
than  one  side.  So  we  expected  already  that 
we  would  be  confronted  with  a  much  more 
complex 

System  Failure  Situation 
which  does  not  only  have 

Handling  Quality  Aspects 
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but  also  relevancv  for 

Loads 
F 1  utter 
Struuc'-.i  as 

dependent  on  the  flexibility  on  the  A/C. 
Although  the  main  target  was  to  have 

NO  DESIGN  CASES  resulting  from  EFCS 
Fai 1 ures 

at  the  end  we  did  not  totally  succeed  in 
this  phi losophy . 

Resulting  from  this  experience  the  Airbus 
partners  worked  out  the  basic  philosophy 
to  handle  systems  with  structural  relevan¬ 
cy  as  it  is  meanwhile  taken  over  by  the 
JAR-Author i t i es  in  their  NPA  25C-199  defi¬ 
ning  that  loads  and  flutter  have  to  be  in¬ 
vestigated 

-  at  time  of  failure  occurrence 

and 

-  for  continuation  of  flight 

under  certain  circumstances. 

This  led  to  the  philosophy  that  the  safety 
factor  in  a  failure  case  is  defined  as 
function  of 

failure  probability 

respect  1 vel y 

time  spent  in  failure  state 
( see  also  [2]  ) . 

All  this  made  the  already  complicated  de¬ 
sign  optimization  process  even  more  com¬ 
plex  in  general,  but  especially  in  the 
early  design  phases  where  all  the  relevant 
system  information  and  failure  definitions 
are 

-  not  available  at  all 

or  not  available  in  the  quality  to 
be  introduced  in  high  sophisticated  opti¬ 
mization  processes 

3.3  Layout  of  the  control  laws 

At  the  time  being  the  optimization  process 
for  the  lay  out  of  the  control  laws  is 
done  for  the  several  aircraft  disciplines 
step  by  step.  That  means  in  the  first  step 
the  control  laws  are  established  to  get 
attractive  handling  qualities  for  the  air¬ 
craft  on  the  basis  of  a  simplified  air¬ 
craft  model  but  on  a  realistic  concept  for 
soft-  and  hardware  for  the  flight  control 
computers.  The  handling  qualities  are  jud¬ 
ged  on  the  Simulator  with  the  Cooper-Har¬ 
per  judgement  table  [3]. 

But  the  control  laws  must  not  be  chosen 
such  that  they  destabilize  the  structural 
modes  and  increase  the  loads.  This  must  be 
also  valid  for  all  the  failure  cases  of 
the  EFCS.  That  means  that  the  control  laws 
have  to  be  proved  by  an  interdisciplinary 
design  work.  Finally  the  handling  quali¬ 
ties,  the  influence  of  the  EFCS  on  loads 
and  aeroelastic  behaviour  is  Judged  and 
checked  during  the  flight  tests  of  the 


aircraft.  Therefore  the  final  lay  out  of 
the  control  laws  is  not  easily  to  be  fi¬ 
nished  before  the  end  of  the  flight  test 
period.  That  means  the  technical  progress 
reached  with  an  EFCS  for  a  passenger  air¬ 
craft  must  be  paid  by  a  lot  of  additional 
tests  and  calculations.  In  the  next  chap¬ 
ters  It  IS  shown  how  the  EFCS  influences 
the  aeroelastics  and  the  loads  and  how  the 
problems  had  been  overcome. 

4.0  EFCS  influence  on  flutter 

-  Spec  i_a  1_.  features  of  Ae  roservoelastics 

The  aircraft  parameters  are  measured  by 
the  ADIRU.  In  this  unit  pick-ups  are  used 
which  measure  the  acceleration  at  a  speci¬ 
al  point  of  the  structure  of  the  aircraft. 
This  signal  contains  not  only  the  rigid 
body  motion  but  also  the  aircraft  response 
to  structural  degrees  of  freedom.  This  si¬ 
gnal  IS  fed  back  to  the  flight  computers 
of  the  aircraft  and  used  for  the  proces¬ 
sing  of  the  signals  transmitted  to  the 
control  surface  actuators.  On  this  way  the 
influence  of  the  EFCS  on  flutter  and  dyna¬ 
mic  response  behaviour  is  given. 

The  influence  of  EFCS  on  the  flutter  beha¬ 
viour  is  covered  by  aeroservoe 1 ast i c  cal¬ 
culations.  For  this  reason  the  flutter 
equation  is  supplemented  by  additional 
terms  which  describe  the  effect  of  the 
transfer  functions  of  the  EFCS  and  the 
actuators  and  the  flutter  vector  is  supp¬ 
lemented  by  additional  degrees  of  freedom 
with  rigid  control  surface  modes.  With 
this  representation  instabilities  of  con¬ 
trollers  and  actuators  cannot  be  covered, 
because  their  degrees  of  freedom  are  con¬ 
tained  but  not  explicitly  extracted  from 
the  flutter  equation.  With  a  representa¬ 
tion  of  the  flutter  equation  in  the  state- 
space  form  including  the  degrees  of  free¬ 
dom  of  the  controllers  and  actuators  the 
stability  behaviour  of  the  aircraft  with 
EFCS  and  actuators  is  fully  described.  But 
in  this  concept  the  unsteady  airloads  de¬ 
pendent  on  the  reduced  frequency  cannot  be 
used.  Instead  the  unsteady  airloads  in  the 
form  of  Pad6  polynomials  [4]  are  applied. 
Some  special  features  of  such  an  aeroser- 
voelastic  calculation  should  be  mentioned: 

1)  Usually  all  the  input  data  for  the 
flutter  calculation  are  linear  in  am¬ 
plitude  with  exception  of  given  nonli¬ 
nearities  in  stiffness  which  are  very 
seldom.  But  the  transf erf uncti ons  of 
the  EFCS  are  necessarily  nonlinear  be¬ 
cause  filters,  logical  switches,  limi¬ 
ters  and  so  on  are  used.  Therefore,  for 
application  in  flutter  calculation  the 
transf erf unctions  have  to  be  linearized 
if  necessary  for  different  working 
points  or  the  method  of  the  "Harmonic 
Balance"  must  be  used. 

2)  The  signals  transmitted  to  the  control 
surfaces  have  time  delays  due  to  follo¬ 
wing  main  effects: 

o  data  acquisition 
o  analog  to  digital  conversion 
o  data  transfer 
o  signal  processing 

These  time  delays  can  be  corrected  by 
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the  control  laws.  To  cover  the  fail 
safe  concept  several  computers  for  the 
flight  control  computer  system  are  ne¬ 
cessary.  The  different  computers  pro¬ 
duce  different  time  delays,  ‘’'hese  must 
be  covered  by  calculation.  Variable 
time  delay  due  to  computer  failures  may 
degrade  the  effect  of  active  control 
system. 

3)  Usually  a  transferfunction  is  consider¬ 
ed  as  a  basic  transferfunction  multi 
plied  by  a  gain  factor  and  this  gain 
factor  depends  on  aircraft  parameters 
as:  weight,  centre  of  gravity  location, 
flap/slat  configuration,  M-number  and 
velocity. 

Since  the  airloads  for  low  velocities 
are  small  the  gain  factors  are  high. 
When  the  EFCS  influences  the  flutter 
behaviour  of  an  aircraft  then  the  big¬ 
gest  influences  may  be  for  high  gain 
factors,  that  means  for  lower  speeds. 
Flutter  velocities  are  usually  expected 
at  higher  speeds.  Therefore  the  EFCS 
requires  difficile  aeroservoelastic 
investigations  for  lower  speeds  and  in 
configurations  with  extended  flaps  and 
slats  which  are  not  considered  for  nor¬ 
mal  flutter  work  on  aircraft. 

4)  The  flutter  vector  is  approximated  by  a 
set  of  Eigenmodes.  The  actuator  loads 
applied  on  the  control  surfaces  are 
used  in  form  of  a  series  of  eigenmodes. 
This  correlates  to  the  representation 
of  forces  to  the  "mode  deflection  me¬ 
thod".  This  method  leads  to  truncation 
errors  by  a  too  small  number  of  modes 
used.  In  the  aeroservoelastic  calcula¬ 
tion  additional  modes  are  required  due 
to  this  effect. 

The  remarks  1  to  4  are  considered  more  in 
detai 1  in  [51. 

4.2  Influence  of  EFCS  on  flutter  giyen  by 

ejLafflales 

Fig.  5  shows  the  influence  of  a  prelimina¬ 
ry  designed  EFCS  on  flutter  behaviour.  The 
flutter  damping  plots  without  EFCS  show  no 
instability  for  every  degree  of  freedom. 
With  EFCS  the  damping  for  the  modes  i  and 
5  are  significantly  degraded.  The  damping 
values  for  mode  1  already  become  negative 
for  small  speeds.  To  prevent  the  degrada¬ 
tion  of  the  flutter  damping  following  mea¬ 
sures  ought  to  be  introduced: 

o  application  of  low  pass  filters  on  the 
signals  transmitted  to  the  actuators 
(fig.  6 ) . 

o  modification  of  control  laws 
o  reduction  of  gain  factors 

These  measures  are  applied  stepwise  and 
the  handling  qualities  have  to  be  kept 
attractive  in  this  process.  After  finis¬ 
hing  this  adjustment  process  the  damping 
plots  of  the  flutter  results  with  EFCS 
ought  to  attain  the  order  of  the  results 
without  EFCS,  because  the  introduction  of 
an  EFCS  should  not  require  design  modifi¬ 
cations  on  the  aircraft  to  get  a  reasona¬ 
ble  aeroservoelastic  behaviour.  With  the 
low  pass  filter  mainly  the  damping  values 
of  modes  with  frequencies  higher  than  the 


corner  point  (6  db )  of  the  filter  are  in- 
f  1  uenced  ( i  g .  7  )  . 

As  long  as  the  frequencies  of  the  rigid 
body  modes  are  wel  1  separated  from  the 
frequencies  of  the  structural  modes  low 
pass  filters  in  the  feed  back  circle  or 
the  normal  low  pass  behaviour  of  the  ac¬ 
tuator  transfer  functions  help  to  attenu¬ 
ate  the  influence  of  the  EFCS  on  the  flut¬ 
ter  behaviour.  The  closer  the  frequencies 
of  the  rigid  body  modes  and  the  frequen¬ 
cies  of  tl._  structural  modes  are  the  more 
control  law  changes  compared  to  their  pre¬ 
liminary  design  become  necessary  to  pre¬ 
vent  the  influence  of  the  EFCS  on  flutter. 
On  an  aircraft  like  A  320  structural  modes 
and  rigid  body  modes  are  well  separated  in 
their  frequencies.  Therefore  no  measure 
was  necessary  to  reduce  the  EFCS  influence 
on  flutter.  On  an  aircraft  like  the  A  340 
with  the  fundamental  structural  frequen¬ 
cies  close  to  1  Hz  control  law  changes  and 
low  pass  filters  were  required  to  prevent 
a  degradation  of  the  damping  of  the  struc¬ 
tural  modes  by  the  EFCS. 

Usually  the  adjustments  of  the  contro' 
laws  performed  during  the  flight  tests  of 
the  aircraft  lead  to  minor  changes.  But 
for  all  modifications  aeroservoelastic 
calculations  must  show  that  they  do  not 
degrade  the  flutter  behaviour.  This  leads 
to  a  heavy  work  load  during  the  flight 
tests  in  a  tight  time  schedule. 

5.,_  .EFCS  Inf  Ijuence  on  Loads 

5.1  General  features 

For  loads  purposes  the  A/c  nas  to  be  mo¬ 
delled  in  all  Its  important  features  as 

Geometry 
Inert  i  a 
Stiffnesses 
Aerodynami c 
Systems 

otherwise  it  will  not  be  possible  to  dis¬ 
cover  all  the  benefits,  which  the  intro¬ 
duction  of  EFCS  with  active  controls  might 
have  on  loads,  stress  and  through  this  on 
design  weight  or  certain  disadvantages.  So 
It  must  be  the  target  to  introduce  already 
in  the  early  loads  calculations  the  diffe¬ 
rent  control  laws  and  study  their  influen¬ 
ce  on  the  different  loads  quantities  to  be 
in  a  position  to  give  the  systems  layout 
people  advice  for  changes  at  a  time  where 
this  has  not  yet  hardware  consequences. 
Fig.  8  and  9  show  examples  for  such  a  con¬ 
trol  arrangement. 

These  system  changes  induced  from  the 
loads  experts  have  then  again  to  be  stu¬ 
died  by  the  HQ-experts  to  check  if  there 
is  an  unacceptable  adverse  effect  on  their 
targets . 

This  is  normally  not  the  case  because 
their  optima  area  are  relatively  flat. 

In  several  cases  it  was  found  that  these 
changes  introduced  in  the  Simulator  were 
not  even  noticed  in  different  A/C  behavio¬ 
ur  by  the  pi  1 ots . 

Because  of  the  fact  that  during  the  design 
process  the  data  quality  improves,  changes 
of  gains  and  time  constants  are  the  normal 
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consequences  resulting  from  the  develop¬ 
ment  of 

Aero  Data 
Stiffnesses 

To  take  already  this  trend  into  account  in 
its  effect  on  structural  design  and  compo¬ 
nent  weight,  the  loads  experts  will  under¬ 
take 

Sensitivity  Studies 

during  which  the  gains  and  time  constants 
will  be  varied  and  its  relationship  to 
each  other  changed  to  find  out  in  which 
ranges  loads  might  vary. 


o  in  design  phases  where  data  quality  is 
good  design  changes  become  complicated 
and  costly 

It  will  be  necessary  for  future  designs  to 
synchronize  the  different  design  actions 
more  carefully  than  in  the  past. 

5.3  System  Failures 

In  general  it  has  to  be  demonstrated  that 
an  aircraft  of  such  an  EFCS  layout  can 
safely  be  handled  in  a  Failure  State. 

There  might  be  different  philosophies  how 
this  can  be  realized.  But  anyway  the  state 
of  the  system  will  be  different  from  the 


The  introduction  of  all  relevant  details 
of  the  EFCS  control  laws  and  their  protec¬ 
tions  in  the  loads  calculations  required 
to  be  able  to  handle 

Non-Linearities 

In  some  loads  fields  which  traditionally 
were  handled  in  the  frequency  domain,  this 
is  a  major  handicap  which  only  could  be 
overcome  by  very  laborious  and  costly 
changes  in  methods  and  software.  One  exam¬ 
ple  for  such  a  problem  is 

Continuous  Turbulence 


Normal  Law  State 
and  might  be  called 
Alternate  Law 


or  further  degraded 


Direct  Law 


These  different 
aircraft  motions 
ferent,  possibly 
also  lead  to  the 
protection . 


laws  produce  different 
and  as  consequences  dif- 
higher  loads.  This  might 
loss  of  one  or  the  other 


with  the 

Karman  Spectrum 
as  gust  input. 

5.2  Non-Failures 

The  introduction  of  the  EFCS  with  its  con¬ 
trol  laws  has  the  tendency  to  make  the 
reaction  of  the  aircraft  motion  smoother 
during  manoeuvres  which  leads  to  a  loads 
reduction  in  general  compared  with  the  in 
former  times  required  somewhat  artificial 

Design  Manoeuvres 

(see  example  in  [2]) 

Further  by  introducing  the  different  pos¬ 
sible  protections  the  designer  has  in  hand 
another  tool  for  tailoring  an 

attractive  handling 

together  with  an 

acceptable  Load  Level 
( see  Fig.  10) 

To  a  certain  extent  this  is  also  the  case 
for 

Design  Gusts 

by  introduction  of,  for  example. 

Yaw  Dampers 

To  optimize  structural  weight  together 
with  other  disciplines  is  an  iteration 
process  which  has  the  handicaps  that 

o  in  design  phases  where  easy  and  cheap 
design  changes  are  possible  the  data 
quality  is  poor 


All  these  different  system  states  have  to 
be  investigated  in  detail  also  in  their 
consequences  on  loads  and  structural  de¬ 
sign. 

Reduced  safety  factors  might  be  used  de¬ 
pending  on  the  systems  failure  probabili¬ 
ty. 

The  normal  tendency  is  that  loads  in  such 
failure  states  will  be  higher  than  in  non¬ 
failure  states. 

This  is  easy  to  understand  remembering 
that  the  systems  were  installed  to  improve 
the  relatively  low  natural  stability  of 
the  aircraft. 

An  unstable  aircraft  would  have  unlimited 
tailplane  loads.  The  before  described 
failure  states  are  not  failure  cases  in 
the  classical  sense,  they  better  should  be 
called  Systems  Degradation. 

System  failures  with  an  important  effect 
on  loads  and  structures  are  "oscillating" 
and  ■"runaway". 

These  have  to  be  studied  in  their  loads 
consequences 

o  at  time  of  failure  occurrence 
and  for 

o  continuation  of  flight 

in  the  cases  where  the  pilot  is  not  able 
to  identify  those  phenomena  and  can  coun¬ 
teract  before  dangerous  amplitudes  are 
reached. 

The  last  condition  can  lead  to  a  very  se¬ 
vere  problem  for  Static  Design  and  Fatigue 
Design  too,  because  the  NPA  25C-199  re¬ 
quires  for  static  design  the  superposition 
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of  the  failure  induct d  loads  with  those 
resulting  from  the  noi mal  non-failure  de¬ 
sign  conditions. 

Even  if  the  failure  orobability  is  such 
that  a  safety  factor  equal  to  one  is  ju¬ 
stified,  this  problem  cannot  be  solved 
without  consequences  either  for  the  system 
or  for  the  structure. 

In  the  figures  11  to  13  oscillatory  failu¬ 
re  cases  are  described. 

The  allowed  surfaces  deflection  diagrams 
show  a  concentrated  overview  of  the  criti¬ 
cal  lity  of  an  oscillatory  failure  in  rela¬ 
tion  to  structural  design  loads: 

Solid  Line: 

Envelope  of  max.  (allowable)  surface  am¬ 
plitudes  versus  frequency  >  1,5  Hz,  which 
produce  the  Design  Loads  on  all  structural 
components  and  stations,  from  all  investi¬ 
gated  flight  and  mass  conditions,  derived 
from  a  full  dynamic  analysis 

Dashed/Dotted  Line: 

Actuator  Performance  Curve,  i.e.  max,  pos¬ 
sible  surface  deflection  output  amplitudes 
versus  frequency,  only  one  actuator  can 
perform  loaded  while  the  standby  actuator 
is  in  damping  mode. 

If  the  output  signal  is  non-sinusoidal  an 
energy  factor  can  be  applied,  relating  the 
energy  contents  of  the  non-sinusoidal  out¬ 
put  signal  to  a  pure  sinusoidal  one  (First 
Harmonic  Performance). 

Servo-Loop  Failure: 

Oscillatory  Failure  of  electronic/hydrau¬ 
lic  servo-loop.  Mainly:  D/A  -  A/D  conver¬ 
ters. 

Computer  Failures: 

Oscillatory  Failures  of  electronic  ele¬ 
ments  or  due  to  gain  variations,  occuring 
upstream  of  the  actuators  and  influencing 
their  command  channels. 

The  repercussion  of  this  type  of  failure 
can  be  cured  in  most  of  the  cases  by  an 
adequate  low-pass  filtering  in  the  command 
channels . 

Critical  1 ity  Conditions: 

A  critical  Oscillatory  Failure  condition 
at  "Time-of-Ocurrence '  is  indicated,  if  a 
■' resonance ''peal<  of  the  Allowable  Surface 
Deflection  Curve  (solid  line)  crosses  the 
Actuator  Performance  curve.  In  this  case  a 
specific  Design  Load  on  a  structural  com¬ 
ponent  is  exceeded  by  a  certain  margin. 

EFCS-Workinq  Area: 

Oscillatory  Failures  in  the  EFCS  working 
frequency  band  (<  1,5  Hz)  are  detected  by 
the  Position  Monitoring  System  with  a 
threshold  setting,  so  that  Design  Loads 
are  not  exceeded. 


6^  Ac.tive  Control  Functions 

On  an  aircraft  fully  equipped  with  an  EFCS 
It  IS  rather  simple  to  install  additional 
Active  Control  functions  as  already  men¬ 
tioned.  These  can  use  already  available 
systems  and  controls  just  adding  some  sen¬ 
sors  and  software  packages  and  possibly 
pressure  accumulators  to  reach  higher  de¬ 
flection  rates. 

Depending  on  the  individual  design  situa¬ 
tion  of  an  aircraft  as 

o  gust  critical  wing  design  like  an  A/C  as 
Airbus  A  320 
or 

o  Manoeuver  critical  wing  design  like  an 
A/C  as  Airbus  A  330/340 

It  might  become  attractive  to  add  to  the 
already  installed  control  laws 

Load  Alleviation  Functions  (  LAF 1 

Fig.  14  shows  a  scheme  of  such  a  Gust  Load 
Alleviation  (GLA)  with  the  target  to  redu¬ 
ce  Gust  wing  bending  to  the  maneuver  le¬ 
vel  . 

The  installation  of 

Manoeuver  Load  Alleviation  (MLA) 

is  even  simpler  because  the  high  control 
deflection  rates  of  the  LAF  are  not  neces¬ 
sary.  Nevertheless  also  all  these  func¬ 
tions  have  to  be  studied  in  relation  to 
their  influence  on  other  disciplines  also 
here  especially  on  their  effect  on 

Hand  1  i  ng  Qu.al  i  ty 

in  non-failure  and  failure  state. 

Another  example  is  a  function  for  impro¬ 
ving  the  passenger  ride  comfort  of  an  A/C 
called  "Comfort  in  Turbulence"  (CIT).  Fu¬ 
selage  modes  with  small  part i c i pat  ion  of 
lifting  surface  vibration  may  be  less 
aerodynamical  1 y  damped,  mainly  for  long 
and  relatively  slender  fuselages.  In  heavy 
turbulent  flights  the  aircraft  might  vi¬ 
brate  in  the  fuselage  modes  with  frequen¬ 
cies  which  mainly  dea  ide  the  flight  com¬ 
fort  in  the  forward  ai  j  aft  fuselage  sec¬ 
tions.  Fig.  15  shows  the  principle  scheme 
for  a  CIT  function  which  controls  the  la¬ 
teral  fundamental  fuselage  mode  by  the 
rudder.  The  acceleration  pick-up  is  in¬ 
stalled  at  a  location  on  the  front  fuse¬ 
lage.  The  structural  filters  and  the  phase 
compensation  are  shown  in  the  feed  back 
circle.  The  rudder  is  activated  for  a  ne¬ 
cessary  vibration  angle  of  the  rudder  of 
>  0,07'.  To  prevent  a  degradation  of  the 
effectiveness  of  other  systems  with  higher 
priority  the  rudder  angle  activated  by  the 
CIT  is  limited  to  1'.  Fig.  16  shows  the 
necessary  design  work  including  the  flight 
tests  to  get  certification.  For  certifi¬ 
cation  it  has  to  be  substantiated  that  the 
CIT-system  in  all  its  failure  cases  does 
not  degrade  the  flutter  and  does  not  in¬ 
crease  also  dimensioning  loads.  Fig.  17 
shows  the  increase  of  modal  damping  for 
the  symmetrical  fundamental  fuselage  mode 
which  is  controlled  by  the  CIT-function 
using  the  elevator  as  movable  device. 


7j _ Conclusion 

The  high  complexity  of  an  active  control¬ 
led  civil  transport  aircraft  design  with 
its  multiple  interactions  between  the  dif¬ 
ferent  disciplines  was  presented. 

It  was  highlighted  that  in  future  design 
of  this  kind  different  design  procedures 
have  to  be  established  with  the  target 

o  to  reduce  the  dominance  of  one  discioli- 
ne  by  a  multidisciplinary  optimization 
process  to  ensure  an  overall  aircraft 
optimum. 

This  has  the  consequence  that 

o  the  data  availability  in  a  certain  qua¬ 
lity,  namel y 

Sti ffnesses 
Aero  Data 
Systems  Data 

must  be  better  synchronized  with  the  needs 
of  the  user  of  these  data,  namely 

Handl i ng  Oual i ty 

Systems 

Loads 

F 1  utter 

Structures 

and  cost  functions  are  introduced  in  the 
beginning  of  the  uesign  work  to  ensure  a 
balanced  design. 

It  IS  the  firm  belief  of  the  authors  that 
already  this  would  be  an  important  step 
forward . 

Active  Control  systems  are  rather  easily 
capable  of  being  integrated  by  having  in 
mind  to  use  signals  from  additional  sen¬ 
sors  distributed  over  the  A/C  than  are 
available  from  the  ADIRU. 


There  are  some  doubts  that  all  these  rela¬ 
tions  and  interactions  in  real  aircraft 
design  can  be  replaced  one  day  by  a  total¬ 
ly  automated  process  but  certainly  more 
parts  as  usually  today  have  to  be  put  into 
a  process  chain  to  improve  quality  and 
safe  design  time. 

To  our  opinion,  the  real  problem  is  not 
only  to  solve  the  technical  problems,  the 
more  time  consuming  task  will  be  to  change 
behaviour  of  people  involved. 
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Fig  1:  Aircraft  Design 


Fig.  2:  Paradox  of  Sequential  Design 


Damping 


Fig.  3:  Simplified  Electronic  Control  Circuit 


Fig.  4:  Airframe  Condition  Monitoring  Pna-cdure,  Af'MP 


Fig.  5:  Comparison  of  Flutter  Calculation  Results  With  And  Without  The  Effect  of  EFCS 


Fig.  13  Harmonic  Antisymmetrical  Inboard 

Aileron-Oscillating  Allowed  Surface  DelVctiun 
Acceptable  by  Static  Loads  Envelope 


Gust  induced  merer --ntal  load  tactor 


Fig.  14  Gust  Load  Alleviation  Function 


Fig.  15  Principle  Scheme  For  Lateral  ('IT 
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Current  aircraft  industry  design  prarlices  produce  high 
quality,  safe  and  afTordablc  aircraft.  I  low’  ver,  future  advanced 
and  integrated  methods  offer  the  opportunity  to  .significantly 
reduce  the  cost  and  development  time  of  aircraft  designs.  T  his 
paper  presents  an  overview  of  the  current  design  process  and 
an  example  for  subsonic  transport  wing  box  design.  It  also 
describes  a  future  process  which  is  presently  being  implemented 
at  the  Douglas  Aircraft  Company,  i.e.  the  Aeroelastic  Design 
Dptimization  Program  (ADOP),  and  its  application  to  a  similar 
subsonic  transport  vsing.  Specifically,  stress  and  flutter  arc 
optimized  and  compression  surface  buckling  and  tension  sur¬ 
face  damage  tolerance  arc  integrated.  I'inally,  the  future 
direction  of  ADOP  will  he  outlined  which  includes  integration 
of  aeroelastic  loads,  durability  and  damage  tolerance  and  con- 
curienl  structure  and  active  controls  optimization. 


(  U'RREN T  DFSI<;N  PR0(  ESS 


OVERVIEW 

The  current  structural  design  procedure  for  most  aerospace 
companies  is  illustrated  in  I  ig.  I  -a  as  a  process  done  in  a  scries 
that  is  iterated  several  times.  Each  iteration  icquires  on  the 
order  of  six  months  to  a  year  to  complete  and  requires  data 
transfer  across  technical,  political  and  sometimes  geographic 
boundaries  at  each  step  in  the  process 

Idle  leader  in  each  discipline  must  h.ivc  enough  experience 
to  know  what  input  data  is  needed  from  other  disciplines,  how¬ 
to  complete  his  own  analysis  and  what  output  data  is  needed 
for  the  next  step  in  the  operation.  Most  of  the  time,  different 
models  of  tlie  aircraft  structure  and  aerodynamics  are  devel¬ 
oped  at  each  step  of  the  process.  This  is  done  for  several  rea¬ 
sons:  I)  different  assumptions  and  model  fidelity  arc  required, 
2)  conipulei-  code  formats  are  different  tintl,  3)  each  discipline 
wants  to  get  started  without  wailing  for  someone  clse’s  model. 
I  he  drawbacks,  of  course,  are  that:  I )  data  input  is  sometimes 
duplicated,  2)  errors  and  inconsistencies  can  develop  among 
models,  and  3)  accuracy  levels  are  not  consistent  among  the 
various  disciplines. 

During  the  initial  design  process,  as  opposed  to  the  final 
check  out,  only  preliminary  data  is  available  and,  therefore, 
used.  Every  discipline  is  working  with  whatever  data  is  avail¬ 
able  to  that  discipline  at  a  particular  point  in  time.  Many  limes 
new  data  arrives  midway  through  an  analysis  for  a  particular 
discipline  but  usually  this  new  data  is  put  on  hold  until  the  next 
iteration.  TTie  items  that  influence  data  changes  are:  I) 
updated  input  from  other  disciplines,  2)  configuration  changes 
due  to  changes  of  mission  or  airline  customer  feedback,  3)  cost 
and  performance  enhancements,  4)  and  complelion  of  wind 
tunnel  an'*  structural  tests.  Obtaining  the  data  necessary  to 
complete  an  analysis  or  design  in  a  particular  area  is  usually  the 


controlling  factor  and  main  element  that  jengthens  cycle  lime 
and  increases  cost. 

Usually  the  structural  design  is  completed  hclorc  the 
drawing  sign  out  loads  are  available.  This  is  due  to  the  long 
lead  time  required  for  wind  tunnel  tests  and  critical  load  anal 
ysis  and  selection.  Also,  the  design  is  usually  complete  even 
before  the  structural  panel  tests  arc  done.  Ehc  process  is  to 
issue  the  drawings  and  then  check  them  after  the  fact 

If  a  negative  margin  is  found  in  the  structure  or  the  aircraft 
has  a  nutter  or  durability  and  damage  tolerance  problem,  the 
problem  is  corrected  amJ  the  drawing  recalled  and  fixed  Die 
positive  margins,  within  limits,  are  usually  left  alone,  because 
of  the  cost  of  trying  to  optintizc  .  ery  structural  clcmettl.  until 
a  weight  saviitg  exercise  is  called  for. 

D-  tails  of  the  process  of  wing  sizing  will  be  givcit  to  illtis 
Irate  current  industry  practices.  Specifically,  the  methodology 
for:  I)  contpressiott  siiiface  optimization  for  rib  and  stringer 
spacing.  2)  tensiot)  surface  design  for  damage  tolerance,  3) 
compression  bemling  shear  tnleraction,  4)  load  dcfirtilion,  and 
5)  duttcr  aitalysis  w  ill  be  discussed. 


WING  SI/ING  METTIODOEOr.V 

Compressinn  Surface  Optimization  of  Rib  and  Stringer  .Spacing 

In  order  to  keep  overall  wing  weight  to  a  minimum,  it  is 
important  to  establish  optimum  stringer  and  rib  spacing.  If  the 
spacings  arc  arbitrarily  set  too  large  for  the  compression  cover, 
in  an  effort  to  reduce  part  count  and  subsequently  cost,  a  severe 
weight  penalty  can  occur  which  will  ultimately  jeopardize  the 
number  of  aircraft  sold  due  to  inadequate  performance  when 
compared  to  competitor  aircraft.  Therefore,  to  assure  least 
weight,  the  following  optimization  procedure  is  performed: 

I'  Defiite  wing  compression  cover  loads  (elastic  axis)  - 
Ehc  average  in-plane  load  intensity  (Eilbs/in)  in  the  com 
pression  cover,  shown  i  f  ig.  2.  is  determined  along  the  wing 
elastic  axis  (defined  half  way  between  spars)  using  the  wing 
bending  moments,  wing  box  chord  (rear  spar  to  front  spar 
normal  to  elastic  axis),  and  average  box  depth. 

2)  Dclerntinc  cover  allowable  compression  stress  -  for  Oie 
compression  surface,  Douglas  Aircraft  Company  has  developed 
a  compression  paitel  optiniization  program  [  1  ]  based  on  the 
classical  optimization  assumption  that  minimum  compression 
panel  weight  is  obtained  when  the  applied  stress  (<i  =  PjA)  is 
equal  to  the  general  instability  stress  rr  =  ir^  Etlil-lpY  and  the 
individual  plate  element  instability  stress  a  —  ktj  F{llhy.  The 
program  optimizes  the  stringer  cross-sectional  shape  for  a  given 
stringer  .sparing,  rib  spacing,  and  stiffening  ratio,  /1„/z(j».  A 
practical  stringer  depth  (between  2' -3')  is  employed  to  avoid 
torsional  instability,  keep  the  section  neutral  axis  as  close  to  the 
skin  as  possible,  and  maximize  stringer  extrusion  strength 
values.  Ehe  program  is  used  to  develop  a  family  of  panel 
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weigliLi  versus  load  iiilensily  turves  for  defined  skin  stringer 
nialcrial,  stringer  spacing,  rib  spacing,  and  stilTening  ratio. 

I>ic  StilTening  ratio  is  set  at  0.50  In  the  early  design  phase 
to  assure  that  suITtcient  skin  thickness  and  sub.sequently  torque 
box  GJ  is  available  to  prevent  wing  Rutter  and  to  assure  suRi 
cient  stringer  area  is  available  for  damage  tolerance.  Trom  a 
pure  compression  panel  weight  optimi/ation,  lighter  weight  can 
be  obtained  at  higher  ‘■tilTening  ratios  (minimum  weight  at  I  to 
1.5  depending  on  tJic  stringer  shape)  if  stringer  depth  is  not 
constrained.  However,  this  can  lead  to  Rutter  problems  deter¬ 
mined  at  a  later  time  and  may  produce  stringer  depths  that  lead 
to  non-optimum  designs  when  all  factors  arc  considered. 

The  future  oplimiratiot)  process,  A  OOP,  will  allow  tlie 
skin-stringer  stilTening  ratio  to  vary  to  maximize  the  com 
pression  allowable  while  still  maintaining  the  proper  Rutter 
safety  margin  and  stringer  depths.  ITicrc  is  more  than  one  way 
to  prevent  Rutter  and  setting  this  ratio  to  O.S  may  not  always 
be  the  most  eRicient  way  to  do  it.  Thus,  although  a  very  good 
rule  of  thumb,  some  improvement  may  be  made  and  this 
improvement  will  he  available  early  in  the  design. 

3)  Oetermine  upper  cover  weight  The  process  is  simply 
to  divide  the  wing  into  spanwise  sections  or  panels,  say  six  of 
them,  calculate  the  average  running  load,  P\.  per  panel  from 
f  igure  2,  and  determine  the  incremental  panel  weight,  W,  from 

Pig  -V 

4)  Determine  lower  cover  weight  --  I  or  the  tension  sur 
face,  die  allowable  stress  is  limited  by  damage  tolerance 
requirement  (discus.sed  below).  for  preliminary  design, 
/■■,  =  52,1)00  /).«'  is  used  for  aluminum  alloys,  Paticl  weight  can 
be  incrementally  determined  from  the  weight  per  utiit  area 
based  on  stress  and  the  average  running  load, 
(f,  =  |44p/>,/f,(/Ar//|2). 

5)  Determine  rib  weight  -  Rib  weight  is  generally  about 
30  percent  of  the  total  cover  weight  (itot  including  spar  caps) 
This  high  weight  ratio  is  due  to  the  fact  that  a  large  percentage 
of  transport  aircraft  rib  weight  is  driven  by  externally  applietl 
forces  such  as  Rap  and  control  surface  loads.  When  these  fac¬ 
tors  are  discounted,  rib  weight  required  to  support  the  cover  is 
about  5  percent  of  the  total  cover  weight.  Rib  strength  and 
stiffness  requirements  must  be  accounted  for  in  the  final  design, 
but  in  practice,  minimum  gauge  will  usually  satisfy  the  require 
mrnts  for  ribs.  Based  on  this  a.ssumption,  rib  weight  is  obtained 
as  follows: 

where  /l,o,  is  the  average  surface  area  of  ribs  I  is  the  rib  thick 
ness;  n  is  the  number  of  ribs;  and  p  is  the  weight  density. 

6)  Determine  pancl/rib  weight  --  Fhe  overall  weight  is 
determined  by  summing  the  cover  weights  and  rib  weights.  Ibis 
weight  can  be  plotted  for  various  panel  length  and  stringer 
spacings  (F  ig.  4).  f  rom  the  figure,  6  inch  stringer  spacing  is  Ric 
lightest  weight  at  a  rib  spacing  of  about  35  in.  Actually  stringer 
spacings  less  than  6-inch  are  more  optimum  (about  5.3  inch). 
However,  this  spacing  is  too  small  for  shear  clip  installation 

Based  on  the  optimum  values  for  rib  and  stringer  spacings, 
a  wing  structural  arrangement  drawing  (for  example,  sec  I'igure 
5)  is  created  that  first  defines  hardpoints  for  control  surface 
hinges.  Rap  hinges,  pylon  attach  structure,  and  slat  track 
location.  Rased  on  these  fixed  rib  locations,  ribs  are  spaced 


approximately  to  the  oplinuim  rib  spacing  Stringers  arc  llicn 
sp.nccd  near  the  oplimnm  sp.icing 

Tension  Surface  Design  for  Damage  folerancc 

The  wing  siriiclurc  is  required  by  the  f  AA  to  be  damage 
tolerant  to  insure  that  if  fatigue,  corrosion,  or  accidental 
damage  occur  within  the  operational  life  of  the  airplane.  Rie 
remaining  structure  will  withstand  reasonable  loads  without 
failure  or  excessive  deformation  until  the  damage  is  detected 
Although  t\ot  strictly  required  by  1  AA  regulaUons.  the  wing 
should  be  designed  for  two  bay  crack  capability  [2j  so  that  the 
critical  crack  sizes  are  large  enough  to  allow  an  inspection 
program  that  requires  detecting  these  cracks  safely  with  com 
iortahlc  repetitive  inspection  intervals.  .Specifically,  the  lower 
wing  surface  must  be  able  to  arrest  a  two  bay  crack  (broken 
stringer  and  two  adjacent  skin  bays)  at  limit  load.  1  his  means 
that  Ric  two  bay  crack  is  rendered  non  critical  and  will  not  fast 
fracitire. 

During  preliminary  design,  the  lower  surface  stringer 
spacing  and  shape  are  set  nearly  the  same  as  that  for  the  upper 
surface  and  the  ratio  of  stringer  area  to  skin  area  is  set  at  II  5 
to  assume  maximum  allowable  stress  is  obtained.  A  tsvo  bay 
crack  residual  strength  analysis  is  then  performed  to  irblain  the 
allowable  stress  level  Usually  this  level  is  the  most  critical 
compared  to  crack  growth  file,  negafive  1  g  buckling,  ('r  male 
rial  allowables. 

Ihc  future  dcsigit  method  ADOP  accounts  for  Rtc  two  bay 
crack  allowable  in  the  optimization  process  as  the  ratio  of 
stringer  area  and  skin  area  changes  and  will  not  fix  Ihc  ratio 
of  stringer  to  skin  area  to  a  specific  number. 

I  aliguc  and  crack  growth  life  is  also  analyzed  for  the 
lower  v/mg  surface  but  usually  after  Ihc  design  is  complete. 
I  bis  analysis  determines  Ihc  inspccRoti  Rtreshold  and  interval, 
Ihc  threshold  is  half  of  Ihc  life  determined  by  lest  or  a  third  of 
Ihc  life  obtained  by  analysis  but  no  greater  than  half  o(  the  air¬ 
craft  life.  The  inspection  interval  is  equal  to  half  the  lime 
interval  between  when  a  delectable  crack  appears  and  when  it 
becomes  unstable.  In  some  inst.inccs,  unacceptable  values  of 
Ihc  threshold  and  interval  dictate  an  allowable  stress  that  is 
lower  than  the  residual  strength  value  in  which  case  the  design 
is  beefed  up. 

(omprcssion-Bcnding-Shcar-Intcraction 

I  he  margins  of  safely  arc  calculated  using  an  inleraclioii 
equation  that  combines  Ihc  various  stress  or  buckling  stales. 
I  or  instance,  Ihc  compression  surface  margins  arc  calculated 
form  the  following  semi  empirical  equation 

{R,  +  Rf,)"  +  =1.0  (2) 

where  n  and  m  arc  determined  empirically  and  Re.  R/,  and  R, 
arc  Ihc  ratio  of  actual  stress  over  the  allowable  stress  for  com¬ 
pression,  bending  (modulus  of  rupture)  and  shear  respectively. 

Ihc  compression  allowable  /’„  is  usually  found  by  com¬ 
bining  panel  lest  results  with  the  Johnson-Fiuler  formula.  The 
column  fixity  factor  c  (1.0  for  simple  support,  4.0  for  built  in) 
is  usually  taken  as  no  more  than  1.5  for  this' formula.  The 
optimum  stringer  rib  design  discussed  above  usually  places  the 
stringer  (plus  crfeclive  skin)  in  the  short-column  range  of  the 
Johnson-Fitiler  formula. 
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This  compression  surface  inleraclioii  formula  is  semi- 
empirical  but  has  proven  successful  for  Ihe  DC-9,  and  DfMO 
aircraft  that  have  millions  of  safe  flight  hours.  The  tension 
surface  uses  principal  stresses  since  buckling  is  not  involved. 
The  future  design  method,  ADOP,  can  use  these  formulas  or 
others,  such  as  von  Miscs  as  the  designer  wishes. 

Toad  DeflnHions 

Internal  structural  loads  are  required  to  size  the  structure. 
However,  these  loads  are  a  direct  function  of  the  aeroclastic 
external  loads  which  are,  themselves,  a  function  of  the  struc¬ 
tural  stiffness. 

The  structural  model  used  for  loads  (and  flutter)  is  usually 
a  beam  stick  clastic  axis  for  subsonic  transport  wings.  I. inear 
Doublet  l.allice  aerodynamics  [3,4],  corrected  using  wind 
tunnel  data,  are  used  for  the  gust  loads  and  flutter  analysis.  A 
nonlinear  semi-empirical  model  is  used  for  maneuver  loads 
which  incorporates  wind  tunnel  data.  As  staled  in  the  overview, 
drawing  sign-out  loads  are  usually  not  available  at  the  lime  of 
design,  and  thus  preliminary  or  advanced  design  loads  must  be 
used.  These  loads  may  not  be  based  on  up-to-date  wind  tunnel 
data. 

The  process  to  obtain  drawing  sign-out  loads  is  outlined 
as  follows,  first,  compute  Ifie  elaslic-lo-rigid  ratios  for  (he  sta¬ 
bility  and  control  aerodynamics  coefficients.  The  rigid  coeffi¬ 
cients  arc  usually  obtained  from  wind  tunnel  tests.  These 
elasticity  corrected  coefficients  are  then  used  to  obtain  trimmed 
conditions  for  static  maneuver  loads  cases  which  range  over  Uic 
entire  flight  envelope  of  velocity,  load  factor,  altitude,  e  g.  and 
weight.  They  are  also  used  for  abrupt  pitch,  roll  and  yaw 
maneuvers.  I  he  rigid  wing  lunnel  data  are  also  used  to  correct 
the  unsteady  doublet  lattice  method  for  use  in  PSD  and  discrete 
gust  analysis  as  was  mentioned  above. 

A  first  pass  at  critical  load  selection  is  made  at  this  time 
where  obvious  cases  are  eliminated  reducing  the  number  of 
cases  to  several  thousand. 

The  second  step  is  to  perform  distributed  maneuver  loads 
analyses  for  the  various  aircraft  components  and  to  perform  a 
second  pass  at  critical  load  selection  based,  for  the  most  part, 
on  interaction  diagrams  (Bending/Torque,  Shea-/Torquc, 
Bending/Shear),  'fhe  cases  that  lie  on  tlic  outer  extremities  are 
selected  as  candidate  critical  cases  reducing  the  number  of  cases 
to  about  a  hundred. 

Gust  loading  and  taxi  analyses  arc  also  performed  and 
produce  an  additional  set  of  candidate  critical  load  cases  using 
Ihe  interaction  diagram  approach. 

The  final  candidate  load  cases  arc  then  used  to  calculate 
internal  loads.  At  this  point  the  actual  critical  cases  for  all  wing 
parts  can  be  identified  and  used  to  check  Ihe  design  and  resize 
the  structure  if  needed. 

Flutter  Analysis 

A  V-g  method  is  generally  employed  using  empirically 
corrected  Doublet  l.allice  aerodynamics  and  a  beam  clastic 
axis  structural  model.  Mass,  inertia  and  cross  products  of 
inertia  are  employed  in  the  model  analysis.  Tlicse  modes  are 
eventually  corrected  using  Ground  Vibration  Test  (<iVT) 
results  after  aircraft  roll-out.  Obviously,  tbe  fjVf  docs  not 
impact  the  aircraft  design  but  is  used  only  as  a  safely  check  after 
the  fact. 


T  he  entire  lliglil  envelop  is  cleared  for  flutter  with  a  margin 
of  I5"».  If  a  lluller  deficiency  exists  anywhere,  a  stiffness 
increase  requirement  for  wing  or  pylon  is  obtained  (usually  by 
the  trial  and  error  method)  and  sent  to  tlie  designer  who  rede 
signs  the  wing  to  produce  Ihe  required  stiffness.  Sometimes,  if 
only  a  small  corner  of  the  flight  envelope  or  fuel  stale  causes  a 
problem  the  aircraft  can  be  "placarded”  to  reduce  Pc  and  I V 
and  thus  clitninalc  the  problem,  without  changing  the  structured 
design. 

Generally  for  high  aspect  ratio  wings,  a  beam  slick  siruc 
tiiral  model  is  used.  Modes  .are  easy  to  obtain  once  estimates 
of  h7,  (U,  mass  and  incriia  along  the  span  arc  made.  Making 
these  estimates  from  finilc-cletncnl  models,  however,  can  be 
time  consuming.  I  or  low  aspect  ratio  wings,  plate  theory  must 
be  used.  In  the  future  design  method,  ADOP,  only  one  struc¬ 
tural  model  is  used  for  all  analysis  and  design.  This  can  cause 
an  increase  in  cycle  time  because  the  finite -element  model  may 
be  detailed  and  require  more  ume  in  Ihe  modal  analysis.  But 
it  is  felt  that  this  inconvenience  is  more  than  compensated  for 
by  the  benefits  obtained  using  one  accurate  structural  model. 


nrn!RF.  i)K,si(;n  i»r<>(  ess  description 

Because  the  current  structural  design  procedure  (l  ig. 
I  a)  does  not  simultaneously  consider  all  disciplines  such  as 
stress,  sizing,  flullcr,  loads,  etc.  it  requires  a  large  amount  of 
time  and  man  power  to  complete.  Specifically,  each  design 
cycle  liikcs  longer,  more  cycles  are  needed  to  reach  an 
optimum,  and  numerous  meetings  and  discussions  are  required. 
An  aeroclastic  design  oplimization  program,  ADOP,  is  being 
developed  at  Ihe  McDonnell  Douglas  Corporation  to  reduce 
cycle  lime,  improve  Ihe  quality  and  accuracy  of  the  final  design 
and  reduce  the  number  of  design  cycles  (I'ig.  I  b).  T  his  pro¬ 
gram  will  reduce  Ihe  elapsed  lime  required  for  drawing  sign -out 
and  rework  of  designs  and  their  a.ssocialed  delays.  Ultimately, 
cost,  schedule,  performance  and  quality  will  be  improved. 


ADOP  PROGRAM  STRDCITIRK 

ADOP  inicgralcs  dilfcrcnt  analysis  and  design  disci¬ 
plines,  uses  one  analysis  model,  and  optimizes  the  model  to 
achieve  a  minimum  weight  while  simultaneously  satisfying 
structural  performance  requirements.  Compared  with  different 
models  used  by  diverse  disciplines  and  incomplete  weight  min¬ 
imization  in  tlic  current  design  process,  Ihe  advantages  of  using 
ADOP  arc  already  seen. 

ADOP  is  developed  for  elficienl  .static,  dynamic,  and 
aeroclastic  oplimization  of  large  finite  element  structural 
models.  1  he  program  is  modularized  by  discipline  and  logical 
tasks,  (hrrent  modules  include: 
o  I'inilc  element  bulk  data  translation; 
o  Matrix  abstraction  computations; 

o  Sialic  strength; 

o  l  arge  order  eigenvalue  and  eigenvector  extraction; 
o  fully  stressed  design; 

o  k  and  p-k  method  flutter  analysis; 

o  Dynamic  transient  response; 

o  Design  sensitivity  calculation; 

o  Design  variable  linking; 

o  Multidisciplinary  oplimization. 

T  he  modules  are  then  linked  together  through  a  master  control 
program  (A(T.;  ADOP  control  language)  [5]  and  data  base 
management  system  ADAfXS  (ADOP  disk  and  core  system) 
[f>].  ADAfT;  uses  a  dynamic  memory  and  file  allocation 
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scheme  to  store  and  retrieve  data  to  allow  for  the  manipulation 
of  very  large  arrays  associated  with  large  structural  models. 
ACl.  is  developed  to  access  discipline  modules,  perform  matrix 
operations,  and  establish  logical  looping  and  branching.  A 
graphical  interface  program  is  also  implemented  to  perform 
intermediate  and  post  processing  associated  with  die  analysis 
and  design  optimization.  Case  control  logic  is  established  to 
guide  analysis  and  design  flow  in  optimization  and  access 
appropriate  discipline  modules. 

Presently,  multidisciplinary  design  in  ADOP  optimizes 
aircran  structures  subject  to: 
o  Stress  and  strain  constraints: 
o  Displacement  constraints; 
o  Modal  frequency  constraints; 
o  Flutter  constraints. 

Static  strength  optimization  ensures  tliat  the  stresses  and 
strains  are  below  the  allowable  values  and  the  structural 
stilTness  meets  the  deformation  requirements  subject  to  the 
design  loads.  Frequency  constraints  prevent  the  structural 
vibration  modes  from  falling  into  a  specific  range  of  frequen¬ 
cies.  Flutter  requirements  sometimes  dictate  the  structure's 
stiffness.  I'hus,  the  aircraft  structural  .size  needs  to  be  distrib¬ 
uted  properly  to  avoid  flutter.  In  an  ADf)P  optimization  iter¬ 
ation,  structural  response  such  as  stress,  displacement,  vibration 
frequency  and  flutter  speed  will  be  evaluated.  Violated  con¬ 
straints  are  identified  and  the  structure  is  resized  witli  those 
response  sensitivities.  The  program  then  selects  a  new  structure 
which  tries  to  minimize  weight  and  satisfy  the  violated  con¬ 
straints.  T  he  iteration  continues  until  all  constraints  are  satis¬ 
fied  and  the  weight  variation  is  stationary. 

FINITE  EI.EMEN  Its  AND  DFtsIGN  VARIABLE  LINKING 

The  finite  elements  that  can  be  designed  in  ADOP  and 
their  design  variables  are: 
o  Area  of  2-node  rod; 

o  Area  and  moments  of  inertias  or  real  dimensions  of  beam; 
o  StilTness  of  linear  and  torsional  springs; 
o  T  hickness  of  T'RI3  orthotropic  membrane  and  plate-.shcll; 
o  Thickness  of  QUAD4  ortholropic  membrane  and  plate-shell; 
o  Thickness  of  quadrilateral  shear  panel; 
o  Ply  thickness  and  one  orientation  of  composite  membranes: 
o  Mass  and  offset  of  lumped  mass  element;  and 
o  Stiffness  of  general  flexibility /stiffness  element  (f  illNFL). 
Rigid  elements  and  multiple  point  constraint  capabilities  are 
also  implemented  to  provide  modelling  flexibility. 

In  the  optimization  process  the  number  of  design  variables 
is  limited  by  computer  resources.  It  is  impractical  and  unnec¬ 
essary  to  retain  each  element  in  a  large  structural  model  as  an 
independent  design  variable,  since  in  portions  of  a  structure  a 
simple  relationship  of  structural  properties  can  be  defined  using 
the  previous  design  experience  and  manufacturing  constraints. 
Design  variable  linking  [7]  is  accomplished  by  representing 
finite  element  sizes  by  a  few  design  variables  and  a  shape  func¬ 
tion  as  follows: 

i  =  R  P  (3) 

where  t  is  the  element  size  vector,  £  is  the  ratio  between  l  and 
the  independent  design  variables  D. 

In  ADOP,  the  features  in  design  variable  linking  include: 
o  Free  and  fixed  design  variables  for  the  same  group, 
o  Constant,  linear  and  bilinear  shape  functions;  and 


o  User  input  variations  for  high  order  functions. 

A  global  design  variable  linking  is  installed  to  complement 
the  basic  design  variable  linking.  The  technique  allows  users 
to  define  the  relationship  between  design  variables,  so  that,  for 
example,  a  composite  wing  skin  divided  into  several  panels  has 
ply  thiekness  as  design  variables  for  each  individual  panel  but 
has  only  one  global  orientation.  I  hcrefore,  during  optimization 
the  ply  thickness  of  each  panel  varies  independently  but  all 
panels  on  the  wing  skin  have  to  rotate  together  like  a  rigid  sur 
face.  This  can  be  resolved  by  equaling  the  orientations  of  all 
panels  to  a  representative  orientation  through  the  global  design 
v.iriable  linking. 


.STATIC  DESIfIN  TECIINOI.OGIES 

ADOP  uses  the  'fully  stressed  design"  technique  (FSD)  to 
resize  finite  elements  and  obtain  a  nearly  optimum  solution  for 
sialic  strength  before  starling  numerical  optimization.  Ibis 
reduces  the  number  of  iterations  in  the  optimization.  The 
ADOP  static  design  and  analysis  technologies  include: 
o  Point  (aeroelaslic),  pressure,  thermal,  inertia,  and  combined 
toads; 

o  Fully  stressed  design  (FSD)  with  design  variable  linking; 
o  Ompression  panel  buckling  criterion; 
o  Tension  2-bay  crack  criterion  in  durability  and  damage  tol 
erance; 

o  .Stress  and  strain  design  criteria: 

Mises-llill  stress. 

Principal  stress  and  strain. 

Maximum  shear  stress  and  strain, 

I'sai  Wu  stress,  and 
Truncated  maximum  shear  strain; 
o  Displacement  and  stiffness  design  criteria;  and 
o  Analytic  design  sensitivity  calculation. 

(,'omprcssion  panel  buckling  [l]  and  tension  two-bay 
crack  criteria  [2]  are  used  for  metallic  structures  in  both  fully 
stressed  design  and  stiength  optimization.  All  possible  buckling 
conditions  including  skin  buckling  between  stringers,  overall 
stringer  buckling,  stringer  crippling,  and  the  torsional  stability 
of  a  skin-stringer  combination  arc  checked.  The  two-bay  crack 
criterion  requires  that  if  a  stringer  and  the  skin  in  adjacent  bays 
are  broken,  the  crack  be  arrested  by  the  stringers  at  bolli  ends 
o(  the  two  bays  to  maintain  the  structural  integrity,  in  the 
optimization  procedure,  the  design  sensitivities  of  panel 
buckling  and  two  bay  crack  stress  allowables  are  included  and 
the  allowables  arc  updated  according  to  the  new  element  sizes 
in  each  iteration.  The  panel  buckling  and  two-bay  crack  strc.ss 
allowables  arc  also  used  in  the  interaction  equation  (F.q.  2)  and 
damage  tolerance  design  in  the  current  design  process  as  dis¬ 
cussed  previously.  However,  there  is  no  update  of  these  allow¬ 
ables  ill  the  current  process  until  all  disciplines  are  checked  out 
and  a  new  iteration  begins. 

Ihc  stress,  strain  and  displacement  constraints  can  be  u.scd 
in  the  optimization.  They  are  written  as 

G,  =  ^-1  <  0  (4) 

in  whicii  x  may  be  the  normalized  von  Mises  equivalent  stress, 
strain  in  a  particular  direction  or  a  specific  displacement  com¬ 
ponent.  xa  is  the  corresponding  allowable  value. 

The  displacement  design  sensitivities  are  computed  using 
the  direct  gradient  method  as 
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where  duldPi  and  dpIdOi  are  the  displacement  and  load  sen 
silivity  vectors,  respectively.  The  load  design  sensitivities  are 
only  present  for  loads  associated  with  structural  sizes  such  as 
thermal,  inertia  and  static  aeroelastic  loads.  (AeroelasUc  loads 
design  sensitivities  are  being  developed  and  wilt  be  discussed 
later.)  djCjdDj  is  the  design  sensitivity  of  stiffness  matrix. 

The  constraint  gradient  of  the  Misos-llill  criterion,  for 
example,  is  expressed  as 
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in  vvhicti  and  //„*  arc  the  upper  and  lower  bounds  of  Ihc 
frequent  y  and  X,  ts  Ibe  corresponding  eigenvalue. 

I  or  eigenvalue  X,  witli  m  multiple  roots  the  desigtt  scrisi 
tivilies  arc  solved  using 
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where  dKjdP,  and  dMjdPi  are  the  design  sensitivities  of  the 
global  stiffness  and  mass  matrices,  respectively;  and  dAjdPi  is 
a  diagon.al  matrix  with  diagonal  terms  equal  to  the  design  sen¬ 
sitivities  of  the  eigenvalue  are  the  vibration  modes  and 

(6)  r  are  the  eigenvectors  of  Pq.  8. 
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where  <t„  and  T,y  are  the  element  normal  and  shear 
stres.ses;  and  .Vi,  Sj  and  5ij  are  their  corresponding  stress 
allowables. 

Ihc  generalized  interaction  failure  criterion  for  ihe  com¬ 
pression  surfaces  (fiq.  2)  and  its  constraint  gr;,dicnt  can  also 
be  written  in  the  forms  of  F.qs.  4  and  6,  respectively. 


Ihe  cofT'pIcxity  of  modern  aircrafl  structures  makes 
aiitomaiivm  of  the  flutter  design  cycle  essential.  An  aircraft  has 
•o  be  designed  flutter-free  for  all  payloads  and  altitudes.  In 
AOOP,  flutter  analysis  is  performed  with  ttie  modal  approach, 
i.c.  structural  characteristics  arc  simulated  by  a  number  of 
selected  vibration  modes.  Both  Ihe  k  (V-g)  and  p-k  flutter 
analysis  methods  are  available  in  ADOP.  'Ihe  k  method  flutter 
equation  is  written  as 


MODAI,  DFiilGN  TFT  IINOLOC.IFi? 

An  accurate  and  cBicient  modal  analysis  is  essential  to 
various  dynamic  evaluations  of  structures.  C'ompared  with 
using  the  beam-stick  representation  of  aircrafl  for  modal  and 
flutter  analysis,  a  full  finite  element  aircrafl  model  is  more 
appropriate  because  it  can  address  the  chordwise  deformation, 
accurately  represent  the  structural  stilfncss,  and  eliminate  any 
confusion  in  model  conversion  between  Ihc  finite  clement  and 
beam  models.  Foday,  analysis  of  large  unreduced  structural 
models  is  possible  with  powerful  computers  and  advanced 
computing  techniques.  ADOP  has  two  lai^e-order  modal 
analysis  methods,  the  block  l.ancz.os  method  [8.9]  and  accel¬ 
erated  subspace  iteration  [10].  Both  methods  are  designed  to 
directly  extract  eigenvalues  and  eigenvectors  of  large  structural 
models.  The  numerical  problem  caused  by  the  return  of  con¬ 
verged  eigenvectors  is  resolved  by  using  a  selective  Gram- 
.Schmidt  orthogonalization. 

The  full  modal  analysis  methods  require  better  modelling 
practices  than  tlie  simple  beam  model.  ADOP  automatically 
diagnoses  and  restrains  most  singular  degrees  of  freedom  due 
to  the  use  of  rank  deficient  elements.  However,  singularities 
(unrestrained  by  ADOP  and  ignored  in  the  static  analysis)  due 
to  improper  modelling  need  time  to  correct.  The  benefits  of 
using  the  full  finite  element  model  far  exceed  the  additional  time 
paid  for  this  correction  because  model  conversion  required  in 
the  current  design  process  is  not  needed  and  higher  quality 
results  are  generated. 

The  frequency  constraints  allow  engineers  to  restrain  the 
structural  vibration  modes  from  falling  into  a  specified  range 
of  frequencies.  The  constraints  can  be  written  as 


[X  ~  A,JM  +  d)]C',r,  =  Q  (9) 

where  X  and  M  arc  ihe  generalized,  or  modal,  stiffness  and 
mass  matrices,  respectively.  A  is  Ihc  generalized  aerodynamic 
indiiencc  coefficient  matrix,  flhe  discrete  aerodynamic  influ¬ 
ence  coefficient  matrix  is  computed  using  the  Doubicl-I.allice 
method  [.1,4]).  and  U„  arc  the  complex  eigenvalue  and 
eigenvector  of  the  aeroelastic  system,  respectively,  and 
Am  =  '■"*/(!  +  igm).  where  is  the  damping  of  the  system 
and  «>„  is  the  circular  frequency.  The  above  equation  is  solved 
step-by-step  along  the  reduced  velocity  axis,  l/lc,  and  tlic 
ADOP  flutter  analysis  module  directly  computes  the  nutter 
velocity  and  frequency. 

In  the  ADOP  flutter  optimization,  a  constraint  is  imposed 
with  an  allowable  flutter  speed.  ITuttcr  for  all  boundary  con¬ 
ditions  (symmetric  and  antisymmetric),  payloads  and  Mach 
numbers  can  be  designed  simultaneously.  This  is  much  more 
preferable  over  Ihc  current  design  process  which  designs  one 
boundary,  payload  and  Mach  number  combination  at  a  lime. 

The  velocity  constraint  is  written  as 

fy=l.n--|^  (1(1) 

1 

where  f’,  is  Ihc  design  (luller  speed  with  a  15%  safely  margin. 

If  the  constraint  is  not  satisfied,  the  structural  finite  ele¬ 
ments  have  to  be  rcsiz.ed  to  increase  the  flutter  speed  to  meet 
the  design  requirement.  The  flutter  design  sensitivity  can  be 
expressed  as 
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where  b  is  Ihe  half  reference  chord  length:  flio„ldI),  atid 
dkjdOi  are  the  design  sensitivities  of  frequency  and  reduced 
frequency  at  flutter,  respectively.  In  Ihe  k -method,  tlie  two 
design  sensitivities  are  computed  by 
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where  Re.(.)  and  /m(.)  are  the  real  and  imaginary  parts  of  the 
enclosed  cmantity.  VJ,  is  the  left  eigenvector  of  Eq.  9.  dKjdn, 
and  dMlvD,  are  the  design  sensitivities  of  the  generalized 
stiffness  and  mass  matrices,  respectively. 


fluller  design  requirements  are  assumed  and  tliis  study  focuses 
on  designing  the  primary  wing  structure,  i.e  the  wing  box  I  lie 
compression  panel  buckling  allowables  for  Ihe  upper  wing  and 
tension  two-bay  crack  allowables  for  the  lower  wing  are  used 
along  with  the  von  Miscs  criterion  for  materials 

Ihe  aircraft  wing  is  modelled  by  9636  finite  elements 
including  rods,  membranes,  shear  panels,  lumped  masses  and 
generalized  stiffness  elements  (fiENfl  ).  However,  only  die 
elentents  composed  of  the  wing  box  were  designed.  The 
fuselage  and  tail  are  modelled  with  simple  beams  and  their 
presence  is  required  for  the  flutter  analysis  and  optimization 
I  he  model  has  a  total  of  9580  degrees  of  freedom. 

I  lic  upper  and  lowt  wing  panels  and  stringers  contained 
within  the  wing  box  include  nearly  I  HOC  finite  c!cir,c.,t...  ')rsign 
variable  linking  is  necessary  to  reduce  the  size  of  the  problem 
The  wing  box  is  divided  into  two  chordwise  design  groups  for 
the  skins  and  stringers  separately  on  the  lower  and  upper  sur 
faces  since  chordwise  sizing  variation  is  important  for  this  wing 
Additionally,  the  wing  box  is  divided  into  five  spanwisc  design 
groups  with  the  boundaries  corresponding  to  span  breaks  (I  ig 
14).  Ihe  four  corner  elements  of  each  group  are  specified  to 
be  the  independent  design  variables;  a  linear  variation  of 
thickness  and.  .area  arc  defined  between  each  corner  variable 
With  10  bilinear  design  groups  on  the  lower  and  upper  wing 
defined  for  both  skins  and  stringers,  there  are  160  design  vari 
abics. 


OPTIMIZATION  SIRATEGY 

Case  control  logic  is  implemented  to  guide  the  analysis 
and  design  flow  and  access  appropriate  discipline  modules. 
ADOP  allows  for  different  boundary  conditions  of  the  same 
structure  (symmetric  and  anti -symmetric)  along  witli  multiple 
load  cases,  payloads  and  flight  conditions  (Mach  and  altitude). 
Case  control  is  used  to  establish  which  analysis  disciplines,  and 
their  related  loads,  payloads,  boundary  and  flight  conditions  are 
required  during  an  optimization  iteration. 

Tlie  ADOP  multidisciplinary  design  optimization  flow 
chart  is  shown  in  Figure  6.  Ihe  static  strength,  modal  fre¬ 
quency  and  flutter  analyses  are  performed  between  major  iter¬ 
ations  with  the  updated  structure.  1  he  loads  and  aerodynamic 
data  are  generated  before  the  optimization  iteration.  Active 
and  violated  constraints  from  the  analyses  along  with  tlicir 
design  sensitivities  arc  then  collected  for  optimization.  'Die 
method  of  modified  feasible  directions  [11]  is  u.sed  in  ADOP 
for  numerical  searcli.  If  all  constraints  are  satisfied  and  the 
weight  variation  between  iterations  is  within  a  tolerance,  the 
optimization  procedure  stops  and  tlie  results  arc  reported. 
Otherwise,  the  iteration  continues  until  it  exceeds  the  allowable 
number  of  iterations. 

Including  all  active  and  violated  constraints  i.-  t'lc  opti¬ 
mization  procedure  can  be  too  expensive  [  1 1 1;  therefore,  in 
each  design  iteration  only  a  subset  of  these  constraints  is 
selected,  fhe  constraints  are  evenly  distributed  among  all 
design  variable  groups.  Results  from  all  boundary,  payload 
and  flight  conditions  and  load  cases  are  examined  and  inactive 
(very  feasible)  conditions  are  neglected  in  the  next  iteration  to 
reduce  computation. 


NUMERICAL  STUDIES 

A  3-D  finite  element  model  of  a  large  subsonic  transport 
aircraft,  as  shown  in  Fig.  7.  is  used  to  demonstrate  the  multi¬ 
disciplinary  optimizalion  capability  in  ADOP.  Both  strc.ss  and 


Figures  8  and  9  present  the  flutter  speed  and  weight  versus 
itcr.ation  for  the  ADOP  optimization  process.  Iwo  fully 
stressed  design  iterations  were  performed  before  the  numerical 
optimizalion.  Fhe  optimization  with  stress  criteria  and  a 
required  flutter  speed  converged  in  five  iterations  with  Ihe  final 
flutter  speed  d"!)  higher  than  Die  required  speed.  Thus,  tin's  case 
is  .stress  critical  hut  not  flutter  critical.  In  order  to  test  ADOP 
for  a  flutter  critical  case  the  flutter  speed  requirement  was 
arbitrarily  increased  and  a  new  opOmization  preformed. 

I  welvc  iterations  were  used  before  all  design  constraints 
were  satisfied.  I  he  iteration  history  clearly  indicates  that  tlie 
design  in  the  second  case  was  flutler-critical  because  the  final 
speed  converged  toward  Ihe  required  speed.  In  the  flutter  speed 
history  (I  ig.  8),  four  optimization  iterations  were  performed 
before  Ihe  required  speed  was  exceeded.  I  he  remaining  ilcr- 
alions  (7  1 3),  prior  to  convergence,  were  used  to  reduce  weight 

while  maintaining  the  stress  constraints.  An  unexpected  result 
w,is  obl.iincd  as  shown  in  the  weight  iteration  plot  (Fig.  9),  i.e. 
the  final  weight  from  Ihe  second  optimization  run  nearly  equals 
to  that  from  the  first  one.  Ihis  means  that  very  little  weight 
penally  was  paid  for  a  substantial  increase  in  flutter  speed. 

I'o  investigate  this  phenomenon,  the  skin  thickness  and 
stringer  area  distributions  for  both  optimization  runs  arc 
examined  (Figs.  ID  and  II).  Fhe  skin  di.slribulion  shows  a 
increasing  thickness  near  the  wing  root  at  the  trailing  edge  for 
tlie  .second  optimization  run  compared  to  that  of  the  first  run. 
Fhe  change  of  thickness  in  other  areas  is  insignificant.  Fig.  1 1 
shows  that  the  stringer  areas  in  the  same  location  arc  reduced 
for  the  second  run.  Ihis  indicates  that  to  increase  the  fluller 
speed  the  torsional  stiffness  of  the  wing  is  increased  by  tliickcn 
the  skin  near  the  root  at  the  trailing  edge.  Meanwhile,  in  Ihe 
same  area  Uic  stringer  areas  arc  reduced  to  olFsel  the  additional 
weight  and  bending  slilFness  due  to  the  increased  skin  thickness. 
Fhesc  results  are  very  reasonable  since  an  increase  in  torsional 
stiffness  will  separate  Ihe  bending  and  torsional  inodes  and  thus 
benefit  llnllcr.  Ilic  reduction  of  stringer  area  and  increase  of 
skin  Ihii.-kncss  changes  the  stifFening  ratio  (0.5  preferreil  by  the 
current  design  process)  and  slightly  decreases  Ihe  stress  allow- 
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able*  for  the  Iwo-bay  crack.  Ibis  change  in  allowables 
accounts  for  the  slight  weight  increase.  Ibus,  the  Rutter 
requirement  was  met  using  only  a  slight  change  in  allowahlcs 
and  weight. 

Fig.  1 2  and  1 3  show  the  final  panel  buckling  allowahlcs 
and  two-bay  crack  allowables  on  the  upper  and  lower  wing 
surfaces,  respectively.  The  panel  buckling  allowables  arc 
reduced  in  the  spanwise  direction  in  accordance  with  the 
tapered  clement  sizes.  Only  a  slight  variation  of  two  bay  crack 
allowables  is  observed,  because  the  sliRTetiing  ratio  (Fig.  14)  is 
nearly  constant  along  the  wing  span. 

Ibe  CPU  lime  (on  an  IBM  309(1)  used  for  the  first  opti¬ 
mization  run  was  6  hours  (or  S700.  in  hatch  mode)  and  the 
second  cost  10  hours  (or  $1,100.),  which  would  be  much  more 
.Ificiei.t  tlian  Uic  weeks  or  nioiitlis  required  for  '•.tress,  sizing  :ind 
flutter  iterations  in  the  current  design  process.  In  addition,  the 
design  generated  by  ADOP  is  generally  superior  to  that  from 
the  current  approach  due  to  the  simullancoiis  consideration  of 
all  disciplines. 


FimJRF,  OEVEFOPMRNTS  IN  ADOP 

Loads  -  A  major  reduction  of  cycle  lime  will  he  realized 
when  distributed  aeroclastic  loads  are  brought  into  the  auto¬ 
mated  sizing  procedure  in  AI30P.  An  interfaced  procedure  for 
updating  these  loads  as  the  structure  changes  will  allow  rapid 
convergence  of  the  aeroclastic  loads  and  struclural  sizing.  Such 
a  procedure  is  the  Advanced  Integrated  I  oads  System  (AILS) 
which  as  being  constructed  to  fit  into  Af)OP  (sec  Fig.  15  .and 
Ref.  13). 

Currently,  trimmed  and  balanced  maneuver  and  gust 
loads  are  produced  using  a  modal  approach.  Sensitivities  of  the 
maneuver  loads  to  design  variables  have  also  been  included  so 
that  aeroclastic  load  optimization  can  he  undertaken. 
Acroelastic  load  optimization  is  very  important  .since  large 
potential  weight  savings  arc  available  if  the  structure  can  be 
induced  to  elastically  dump  load  off  the  outer  wing  at  limit  load 
factors. 

Alls  is  currently  being  integrated  into  ADOP.  .Some 
iterated  aeroclastic  load  -  fully  stressed  design  cases  liavc  been 
run  but  aeroclastic  load  optimization  will  be  ready  this  year. 

Allowables  -  Currently,  buckling  and  two-bay  crack 
allowables  are  calculated  in  ADOP.  Recently,  the  sensitivities 
of  these  allowables  to  design  variables  have  been  implemented 
and  linked  to  the  optimizer.  Numerical  studies  that  optimize 
the  structure  and  allowables  together  will  be  undertaken  this 
year.  Ibis  is  important  since  allowables  optimization  has  a 
large  potential  to  save  weight  just  as  aeroclastic  loads  opti¬ 
mization  does. 

Future  plans  for  this  capability  include  Uic  intlucuce  of 
fatigue  and  crack  growtli  life  on  the  allowables.  Ibus, 
inspection  requirements  can  be  used  as  constraints  right  up 
front  in  the  design  rather  than  aficr  the  fact  as  is  the  usual 
practice. 

All  of  the  allowables  calculation  and  sensitivities  will  he 
contained  in  a  sub  system  call  PASOS  (Panel  Allowables  and 
Sub  Optimization  System).  In  addition  to  allowables,  this  sub¬ 
system  will  do  a  panel  optimization  on  the  geometry  of  the 
panel  structure.  For  example,  the  spacing  and  shape  of 
stringers  will  be  optimized  as  described  earlier  for  the  current 


design  procedure  and  tlic  subsequent  allowables  passed  on  to 
the  global  optimizer  in  ADOP. 

Acroscrvoelasticity  .  A  module  for  aeroservoclasuc  sta 
bilily  analysis  with  multiple-input  multiple-output  (MIMO) 
feedback  control  systems  is  currently  being  developed  in 
■ADOP.  File  purpose  is  to  be  able  to  suppress  Rutter  with  both 
finite  element  sizes  and  control  law  variables  as  design  vari 
abics.  In  the  optimization  procedure,  the  Rutter  design  sensi¬ 
tivities  for  both  structural  sizes  and  control  variables  will  be 
ev.->lualcd  and  Rutter  constrainLs  will  be  satisfied  with  a  min 
imiim  weight  increase.  I  low  to  set  up  a  control  design  criterion, 
for  example,  by  imposing  constraints  on  gain  and  phase  for 
oplimiz.'ilion  is  still  to  he  determined. 


C  <>N<  l.l  SIONS 

(Airrent  and  future  design  melfiods  for  large  subsonic 
transport  wing  boxes  has  been  described.  Current  methods 
produce  high  quality,  safe  and  alTordabIc  structure,  however, 
future  multidisciplinary  integrated  methods  offer  the  potential 
to  significantly  reduce  cost  and  cycle  time. 

I  he  current  Douglas  AircraR  Ompany  design  philosophy 
and  procedure  has  been  outlined  and  an  example  given.  A 
future  design  system.  ADOP  (Aeroelastic  Design  Optimization 
Program),  has  also  been  described  and  an  example  of  fliiltcr 
optimization  with  buckling  and  Iwo-bay  crack  allowables  was 
given. 

(irc.at  potential  of  using  ADOP  to  reduce  weight  is  also 
expected  since  stress,  Rutter,  buckling,  two-bay  crack, 
aeroclastic  loads  and  active  control  systems  can  be  simultane¬ 
ously  optimized. 
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INTEGRATED  MULTIDISCIPLINARY  STRUCTURAL  DESIGN 


(a)  (b) 


Fig.  1.  Schematic  of  Current(ai  and  Future  (b)  Deaign  Processes 
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Fig.  2.  Load  Intensity  (Ultimate,  Inplane,  Ibs/in)  Across  the  Wing  Span 
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Fig.  3.  Parametric  Panel  Weight  vs.  Inplane  Load  for  Various 
Stringer  Spacings  at  a  Given  Rib  Spacing  (30  in)  and 
Stiffening  Ratio  (O.S) 


Rib  Spacing  (Inches) 


Fig.  4.  Total  Wing  Box  Weight  vs.  Rib  Spacing  for  Various  Stringer  Spacings 


Fig.  7.  3-0  Finite  Element  Model  tor  Stress  and  Flutter  Design 
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Fig.  8.  Flutter  Speed  Versus  Iteration 


Fig.  9.  Weight  Versus  Iteration 
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Toughnass  Factors  of  110  Sal,  140  ksf 


Fig.  12.  Lower  Surface  2-Bay  Crack  Stress  Allowables 
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Fig.  13.  Upper  Surface  Panel  Buckling  Stress  Allowables 
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A2ROELASTIC  DESIGN  OPTIMIZATION  PROGRAM 


Fig.  15.  Future  ADOP  Capability  for  Loads  (AILS)  and  Panel  Sub-optimization  (PASOS) 
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INTRODUCTION 

In  Aeronautics  the  pioneers  era.  or,  if  you  prefer,  the 
age  of  high  creativity  like  the  one  in  the  fifties  with  the 
introduction  of  the  jet  engines,  or  the  one  of  the 
aero/structural  revolution  in  the  thirties  which  started 
the  age  of  the  monoplanes  with  metallic  shell  structure 
and  ended  the  biplanes  period,  is  passed 

Nowaday,  we  are  in  a  stall  situation  where  the  final 
increment  in  the  basic  performances  (max  speed, 
maneuver  capability)  is  usually  excessively  expensive. 

It  is  now  the  time  when  it  is  necessary  to  look  to 
marginal  areas  to  gain  improvements  in  the 
performances,  to  use  new  materials  like  carbon  fibers  to 
tailor  the  structure  to  the  needs  and  to  simplify,  with  the 
help  of  electronics  and  servomechanism,  complicate 
mechanical  systems  to  obtain  aircraft  architectures 
otherwise  impossible  to  be  tlown. 

But  this  is  not  enough  and  is  absolutely  necessary  to 
improve  also  the  costeffeclivity  ratio  both  increasing 
the  reliability,  availability  and  supportability  of  the 
weapon  system  to  reduce  the  usage  cost  and  to  reduce 
the  production  cost  of  the  aircrafts. 

This  is  not  any  more  achievable  using  the  single  man 
cap.abilitics  on  a  single  discipline  but  it  is  required  a 
new  type  of  working  organisation  which  uses  on  one 
side  sophisticated  means  of  calculation  integrated  in 
order  to  optimize  the  overall  design  and  on  the  other 
compresses  the  time  of  the  process  trying  to  exploit  the 
synergism  of  the  interdisciplinary  couplings, 
overlapping  as  much  as  possible  the  design  and 
manufacturing  phases. 

Alenia  Defence  Aircraft  Division  being  involved  in 
several  programmes  both  individual  and  in  international 
cooperation  has  followed  this  evolution  and  is  actively 
pursuing  the  adequacy  of  its  operative  structure  to  the 
new  requirements  by  adopting  advanced  technology 
processes. 


2.  ALN  COMPUTATION  CAPABILITY 

The  first  step  has  been  to  operate  on  the  computing  side 
to  rationalise  the  architecture  of  the  sy  stem 

The  logic  followed  has  been  to  have  a  common  Data 
Base  for  lofts,  loads,  aerodynamics  data  and  other  from 
which,  to  allow  flexibility,  each  depanment  can  take 
and  introduce  data  with  their  own  special  software  (of 
course  following  appropriate  procedures  to  assure  that 
the  date  are  not  corrupted)  and  using  defined 
exchanging  data  protocols. 

fhe  functional  connections  between  the  different 
computers  and  the  main  software  tools  used  by  the 
difi'ereni  depariiiiciits  and  t/ic  main  data  bank  are  shown 
in  fig,  2, 1 . 

liach  office  has  wiirk-statitnis  for  the  Interactive  (3DI 
graphics  and  ssork-stations  as  servers  for  Xterminal, 
mainly  used  for  editing  work  or  plotting  graphics. 

A  server  is  dedicated  to  the  scalar  aiiaKses  and  share 
dalti  b.ises. 

The  Cray  V-MP  is  for  intensive  computing  ICFD. 

csr,  ) 

A  detail  on  how  structures  and  aerodynamics  interfaces 
is  shown  in  fig.  2  2. 

Both  start,  and  finish,  at  geometrical  model  (i.e.  CATIA 
model). 

Then,  for  structural  analysis,  a  structural  mesh  is 
defined  on  the  geometrical  model,  by  me,ins  of 
specialised  code  like  SDRC.  IDEAS. 

The  highly  interactive  work  like  the  visualisation  of  the 
analysis  results  where  standard  and  ad  hoc  code  may  be 
used,  is  performed  on  work-stations. 

The  FEM  analysis  run  on  the  Cray  where 
MSC/NASTRAN,  MSC/DYNA  or  dedicated  code  are 
available 

The  Aerodynamic  analysis  is  nearly  based  on  in-house 
development  computer  codes.  For  the  codes  based  on 
Euler  equation  a  dedicated  step  of  grid  generation  is 
necessary. 
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All  the  interactive  graphics  is  carried  out  on  the  work¬ 
stations  while  the  aerodynamic  analysis  take  advantage 
of  the  vectorisation  speed-up  of  the  Cray. 

The  hardware  resources  available  to  support  the 
CAE/CAD/CAM  system  are  shown  in  fig.  2.3  and 
consist  mainly  of  a  Cray  Y-MP  and  an  IBM  570 
connected  between  them  and  to  the  IBM  RISC  6000- 
980  user  as  data  bank  via  an  high  speed  fibre  optic 
channel. 

All  the  Working  Station  or  Xterminals  in  the  officies 
are  connected  to  this  channel  together  with  the 
Numerical  Control  stations. 

COMPOSITE  WING  DESIGN  AND 
MANUFACTURE 

This  is  one  of  the  most  comple.x  example  of  integration 
achieved  in  ALN  between  design  and  manufacturing. 

This  wing  has  many  interesting  design  innovations,  but 
the  most  interesting  feature  is  that  the  spares  are  cured 
and  bonded  in  one  shot  with  the  precured  lower  skin  as 
shown  in  fig  3.1  in  order  to  reduce  to  the  minimum  the 
total  weight  of  the  wing  and  the  assembly  operations. 

After  a  first  optimisation  cicle  at  A'C  level,  a  more 
detailed  aerodynamic/flight  mechanics/load/structure 
iteration  was  made  in  order  to  optimize  the  manouvre 
loads  for  the  required  roll  rate  capability  and  therefore 
minimize  the  trailing  edge  hinge  moment  and  the 
associated  actuators  size  and  define  the  skin  minimum 
thickness  distribution  according  to  the  preselected  fiber 
orientation. 

The  typical  grid  used  to  simulate  the  box  skin  for  the 
optimisation  calculation  is  shown  in  fig.  3.2  while  a 
typical  isothickness  plot  obtained  for  the  upper  skin  is 
shown  in  fig.  3.3. 

A  further  optimisation  cicle,  this  time  purely  structural 
was  then  performed  in  order  to  take  care  of  the  local 
conditions  like  bucklings  and  local  deformation  (fig. 
3.9). 

The  optimal  skin  thickness  distribution,  obtained  in  this 
way,  after  an  exercise  of  design  for  manufacture  in 
strict  cooperation  between  the  design  office  and 
manufacturing,  is  than  transferred  in  a  more  realistic, 
from  a  manufacturing  point  of  view,  layer  distribution 
(see  fig.  3.4)  that  may  be  different  in  details  for  a 
component  designed  for  manual  or  automatic 
lamination  (fig.  3.5). 


In  order  to  allow  an  easy  series  production  an  automatic 
tape  laying  machine  (10  axes  c  n  c.  controlled)  capable 
to  make  p,irts  up  to  9  meters  long  and  5  meters  w  ide  has 
been  implemented  in  ALN-DVD  plants  (fig.  3  6),  fully 
integrated  in  the  CAD  C.AM  system. 

Both  during  the  design  and  the  numerical  control 
programming  phase,  a  softveare  tool  called 
ACRAPATH  is  usefully  employed  (fig.  3.7-3  8)  by 
manufacturing  as  a  production  tool,  in  order  to  create 
the  numerical  control  instructions  for  the  tape  laying 
machine  motion  and  by  design  office  as  a  simulation 
tool  to  control  in  advance  the  design  tolerance. 

The  available  loft  data  base  has  also  been  used  to  derive 
the  design  of  the  surface  of  the  moulds  on  which  the 
wing  skin  layers  have  been  laid  do«n  .and  to  check 
them. 

The  strict  interaction  achieved  during  the  definiton 
phase  between  design  and  manufacturing  has  also 
allowed  to  approach  the  problem  of  the  assembly  line  in 
an  integrated  way  The  result  is  an  intuitive  mounting 
sequence  with  parts  designed  with  forms  and  tolerances 
favourable  for  an  easy  assembly  and  a  minimum 
number  of  tools  and  jigs  to  complete  the  assembly 
sequence  (fig,  3.12,. 


4.  DESIGN  FOR  MANUFACTURING 

The  w  ing  is  a  good  example  of  the  effort  made  in  order 
to  obtain  a  design  not  only  compatible  but  also 
optimized  for  the  facilities  available  and  for  the 
automatic  manufacturing  of  the  parts  but  is  not  the  only 
one. 

All  designs  and  most  industrialisation  activities  are 
performed  using  CAE'CAD.  CAM  tools  in  an  integrated 
managed  manner,  supported  by  appropriate  procedures 
(see  fig.  4. 1 ). 

The  data  generated  in  the  design  department  are  directly 
available  to  engineering  and  production  in  the  required 
form  (see  fig,  4.2).  The  results  are  shortened  processing 
times  for  the  product,  enhanced  quality  and  higher 
efficency  due  to  the  better  form  of  data  exchange. 

As  an  example  it  is  possible  to  follow  one  machined 
part  (an  engine  aft  mount  support)  from  the  initial  lay¬ 
out  to  the  NASTRAN  schematisation  (fig.  4.3)  to  the 
coloured  stress  distributions  (fig.  4.4),  the  stressed  lay¬ 
out,  the  tooling  drawings  (fig.  4.5),  the  preparation  of 
tapes  for  the  N/C  machine  milling  tool,  the  check  for 


12-3 


quality  control  inspection  machine  and  finally  the  parts 
list  for  product  support  pubblications  (tig.  4.6). 

5.  SYSTEM  INSTALLATION  OPTIMISATION 

Another  area  in  which  there  have  been  some 
development  in  ALN  is  that  of  the  use  of  3D  models  to 
build  up  an  electronic  mock-up  for  complex 
installations. 

The  construction  of  mock-ups,  although  they  are  made 
of  easily  available  and  not  expensive  materials  which 
are  not  subject  to  stress  or  fatigue,  requires  costs  and 
realisation  times,  often  heavily  impacting  on  the  total 
cost  of  the  project. 

The  introduction  of  CAD  tools  and  the  following 
evolution  of  design  methodologies  to  the  3D  modelling, 
has  made  possible  an  analytical  approach  to  the  test  of 
design 

The  checks  performed  on  the  physical  mock-ups  are 
now  performed  using  specific  analysis  software  on 
digital  models,  which  are  available  since  the  first  phases 
of  design. 

The  e.xample  shown  is  the  design  of  a  bay  in  the  rear 
fuselage,  very  difficult  because  of  its  shape  and  the 
complexity  of  the  equipment  installation  and  the  cables 
and  pipes  routing. 

The  design  route  followed  in  ALN  is  shown  in  the  flow 
chart  (fig.  5.0). 

The  other  pictures  show  the  structure  the  systems 
designed  in  3D  and  the  total  installation  of  all  the 
systems. 

Each  figure  is  related  to  the  relevant  level  of  the  above 
flow  chart. 

The  benefits  gained  can  be  summari7ed  as  follows: 

-  lower  costs  dr"  to  the  elimination  of  physical 
models; 

-  greater  accuracy  and  time  reduction,  bacause  the 
digital  mock-up  is  built  using  the  3D  models  created 
by  designers  and  soon  available  in  the  design  cycle; 

-  possibility  to  perform  a  digital  preassembly  of  all  the 
components  in  a  bay  to  decide  the  best  installation 
sequence  and  design  the  assembly  jigs  in  advance 
with  perfect  reference  points  reducing  the  risk  of 
errors  during  final  assembly. 


A  fall-out  of  this  way  of  operating  are  the  drawings  of 
the  cable  looms  and  pipes,  including  the  bills  of 
materials  obtained  automatically  and  also  the  possibility 
to  transfer  directly  the  information  in  the  data  base  to 
the  special  machine  in  the  shop  to  automatically  bend, 
cut  and  finish  the  pipes. 

A  tool  at  the  moment  in  the  experimental  stage  at  ALN 
that  is  expected  to  provide  big  advantages  is  ALEX  (fig. 
6.1). 

ALEX  is  an  expert  system  developed  in  ALN  that  on 
the  basis  of  the  3D  design  of  bay  structure,  of 
established  design  criteria  like  minimum  distance 
between  lines,  aggregations  and  separation  rules 
provides  automatically  the  optimal  cables  routing,  loom 
aggregation  and  connector  selection. 
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INTERACTIONS  BEETWEEN  GEOMETRICAL  MODEL 
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SUMMARY 

Effective  computational  simulation 
procedures  are  described  for  modeling 
the  inherent  multi-disciplinary 
interactions  for  determining  the  true 
response  of  propulsion  systems. 
Results  are  presented  for  propulsion 
system  responses  including  multi¬ 
discipline  coupling  effects  via  (1) 
coupled  multi-discipline  tailoring, 
(2)  an  integrated  system  of  multi¬ 
disciplinary  simulators,  (3)  coupled 
material-behavior /fabrication -process 
tailoring,  (4)  sensitivities  using  a 
probabilistic  simulator,  and  (5) 
coupled  mater ials / structures/ 
fracture/probabilistic  behavior 
simulator.  The  results  show  that  the 
best  designs  can  be  determined  if  the 
analysis/tailoring  methods  account  for 
the  multi-disciplinary  coupling 
effects.  The  coupling  across 
disciplines  can  be  used  to  develop  an 
integrated  interactive  multi¬ 
discipline  numerical  propulsion  system 
simulator. 

1 .  INTRODUCTION 

Propulsion  phenomena  are  inherently 
multi-disciplinary,  i.e.,  the  true 
system  response  is  the  coupled  effect 
of  all  the  participating  disciplines 
and  the  aggregate  of  the  responses  and 
interactions  of  the  system  components. 
Present  analyses  tend  to  focus  on 
single-discipline  aspects  of  the 
phenomena  within  a  local  region,  e.g., 
a  single  component.  Suitable 

approximations  are  then  used  to  extend 
these  analyses  to  subsystems  and 
systems . 

The  performance  and  reliability  of 
propulsion  systems  depend  on  the 
interaction  of  their  subsystems  which, 
in-turn,  depend  on  the  interaction  of 
their  respective  components  (ref.  1). 
And,  the  performance  of  a  specific 
component  depends  on  the  coupling 
effects  of  the  system  multi¬ 


disciplinary  interaction  on  the 

component  response  (Figure  1). 

Further,  the  integrated  system  response 
depends  on  the  progressive  and 

interacting  influence  of  the  coupled 
service  loads/  environments  at  all 
levels  from  sub-component,  to 

component,  to  sub-system,  to  system. 
Interaction  phenomena  of  interest 
include  flutter,  rotor  instability, 
fatigue,  flow  separation,  nonuniform 
combustion,  blade  containment,  and 
noise  suppression.  The  determination 
of  aerothermodynamic  system  performance 
has  traditionally  relied  on  prototype 
tests  while  structural  reliability  has 
been  calculated  from  field  data. 

The  analysis  of  propulsion  phenomena 
involves  a  combination  of  disciplines 
including  fluid  mechanics,  thermal 

sciences,  structural  mechanics, 
material  sciences,  acoustics, 
electromagnetics,  and  control  theory. 
The  degree  of  resolution  within  a 
specific  discipline  is  determined  by 
the  magnitude  of  local  effects  and  the 
extent  of  their  region  of  influence. 

In  order  to  credibly  quantify  these 
local  effects,  coupled  multi¬ 
disciplinary  methods  are  needed. 

Therefore,  the  objective  of  this  paper 
is  to  describe  formal  coupled  multi¬ 
disciplinary  methods  for  evaluating  the 
inherent  multi-disciplinary  interaction 
in  propulsion  systems. 

2.  Multi-disciplinarv  Coupling  Methods 

Recent  advances  in  the  computational 
simulation  of  fluids,  thermal, 
structural,  material,  acoustic,  and 
electromagnetic  response  and 
computational  controls  make  it  timely 
to  consider  the  development  of  coupled 
multi-disciplinary  computational 
simulation  methods.  These  coupling 
methods  provide  the  formalism  to 
generate  the  terms  shown  in  the  array 
in  Table  1,  as  would  be  described 
extensively  in  section  2.7.  Single 
discipline  simulations  produce  the 
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diagonal  sub  arrays  while  coupled 
multi-disciplines  produce  the  off- 
diagonal  terms.  Considerable 

infrastructure  is  available  for  single 
disciplines  as  was  mentioned 
previously.  In  this  section,  we 
describe  how  available  (existing) 
infrastructure  is  used  to  simulate  the 
multi-discipline  coupled  response  of 
various  propulsion  components  which 
are  subjected  to  a  multitude  of 
simultaneous  loads. 

2.1  Coupled  Multi-discipline  Tailoring 
A  coupled  multi-disciplinary 
composite-mater ials/hygral /thermal / 
structural /acoustic /electromagnetic 
analysis/tailoring  code,  CSTEM  (ref. 

2)  can  be  used  to  tailor  the  single  or 
multi-discipline  responses  of 

propulsion  structures.  CSTEM  was  used 
for  tailoring  a  multi-layered 
composite  fan  blade  subjected  to 
multi-discipline  loads  (Figure  2). 
The  composite  materials  behavior  was 
analyzed  via  an  integrated  composite 
analyzer  (ref.  3)  starting  from  the 
lowest  composite  scale  (fiber/matrix 
constituents)  to  higher  scales  (ply, 
laminate)  using  composite  micro¬ 
mechanics  and  laminate  theories 
(Figure  3).  The  laminate  scale 
materials  behavior  is  used  to 
determine  global  structural  response 
using  finite  element  analysis.  The 

global  structural  response  is  then 
decomposed  to  the  lower  composite 
scales  using  laminate  theories  and 
composite  micro-mechanics.  A 

nonlinear  material  characterization 
model  (Figure  4)  is  used  at  the 
constituents  scale  to  account  for  the 
effect  of  service  environments.  The 

results  of  the  tailoring  of  the  fan 
blade  for  individual  disciplines  are 
shown  in  Figure  5.  Two  cases,  also 
shown  at  the  bottom  of  Figure  5,  are 
for  the  coupled  multi-disciplines;  (1) 
coupled  compos  it e-mechanics /heat- 

transfer/vibrations  case  -  the  effect 
of  heat  transfer  loads  is  carried 
through  the  temperature  profiles  at 
all  composite  scales  that  in-turn 
affect  the  materials  behavior  and  thus 
the  vibration  response  of  the  blade, 
and  (2)  coupled  composite-mechanics/ 
heat -transfer /vibrations /acoustic 
responses  -  the  effect  of  heat 
transfer  loads  is  carried  through  the 
temperature  profiles  at  all  composite 
scales  that  in-turn  affect  the 
materials  behavior  including  acoustic 
characteristics  and  the  vibration 
response  of  the  blade.  Thus,  the 
acoustic  response  includes  all  the 
interaction  effects,  namely:  (i)  heat- 
transfer  loads,  (ii)therraal, 
mechanical,  and  acoustic  resistance  of 
the  material,  and  (iii)  blade 
vibration  characteristics.  This 


provides  a  wealth  of  information  such 
as  the  laminate  configurations  required 
for  tailored  responses  of  different 
disciplines,  which  can  sometimes  be 
opposite  to  each  other,  as  is  evident 
from  Figure  5.  The  off-diagonal  terms 
in  Table  1  can  be  developed  by 
evaluating  the  other  disciplines  at  the 
optimum  design. 

2.2  Multi-Objective  Optimization  -  This 
example  demonstrates  the  capability  to 
optimize  the  structure  response  due  to 
several  disciplines  simultaneously. 
Figure  6  (ref.  4)  shows  a  candidate 
composite  structure  optimized  for 
single  and  multi-objective  functions. 
The  best  design  is  obtained  when  the 
multi-objective  function  is  used. 

2.3  Integrated  System  of  Multi¬ 
disciplinary  Analysis  -  A  nonlinear 
materials  behavior  simulator  (ref.  3) 
and  a  specialty  finite  element  code 
(ref.  5),  and  the  coupled  multi¬ 
discipline  code  CSTEM  (ref.  2)  were 
integrated  for  simulating  the  fatigue 
behavior  of  a  multi-layered  hot  and  wet 
composite  panel  acoustically  excited  by 
an  adjacent  vibrating  hot  panel  (Figure 
7),  typical  of  aircraft  components. 
Figure  8  shows  that  the  fatigue  life  of 
the  acoustically  excited  panel  can  be 
increased  substantially  by  keeping  the 
off-axis  plies  on  the  outer  surface  of 
the  laminate.  The  important  point  is 
that  the  coupled  multi-disciplinary 
response  of  composite  structures  can  be 
computed  for  best  designs,  with  no 
surprises  when  operating  in  real-life 
service  environments  since  the  analysis 
captures  the  various  multi-disciplinary 
coupling  effects  (interactions). 

2.4  Coupled  Material-Behavior/ 
Fabrication-Process  Tailoring  -  The 

fabrication  process  of  a  composite 
laminate  can  be  tailored  for  desired 
optimum  single  discipline  or  multi¬ 
discipline  objective  value  via  a  Metal 
Matrix  Laminate  tailoring  code,  MMLT 
(ref.  6).  The  results  in  Figure  9  show 
the  correct  laminate  characteristics 
(extensional  stiffness,  compressive 
load  capacity,  bending  stiffness,  and 
bending  load  capacity)  that  can  be 
attained  for  individual  stiffness  or 
load  maxima  as  well  as  for  concurrent 
stiffness/load  maxima. 

2.5  Sensitivities  via  Probabilistic 
Methods  -  The  sensitivities  of  the 
effective  stress  for  a  second  stage 
turbine  blade  at  two  different  blade 
locations  were  assessed  via  a 
probabilistic  structural  behavior 
simulation  (ref.  7).  The  importance 
factors  for  five  dominant  variables  at 
different  blade  locations  were  found  to 
be  different  and  with  different 
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importance  ranking  (Figure  10).  These 
are  respective  off-diagonal  terms  in 
the  array.  Table  1. 

2.6  Coupled  Haterials/Structures/ 
Fracture/probabilistic  behavior 
simulator  -  A  progressively  more 
inclusive  integration  of  the  various 
discipline-specific  simulators  is  made 
possible  with  the  existing 
infrastructure  at  the  NASA  Lewis 
Research  Center.  The  results  of  a 
coupled  materials/ structures/ fracture 
behavior  of  a  rotor  blade  including 
interactions  due  to  uncertainties  in 
various  design  variables  at  their 
lowest  levels  (called  primitive 
variables)  are  shown  in  Figure  11. 
The  true  direction  of  the  fracture 
path  is  decided,  not  by  a  specific 
analysis,  but  by  the  above-mentioned 
coupled  effects. 

2 . 7  Multi-discipline  Sequential 
Optimisation  -  An  integrated  simulator 
for  propulsion  systems  will  entail 
potentially  very  large  number  of 
coupled  (interrelated)  variables. 
Clearly,  in  addition  to  coupled  multi¬ 
discipline  simulators  discussed  above, 
innovative  approaches  are  needed  to 
reduce  the  dimensionality  of  the 
system  description  while  still 
retaining  the  essential  system 
behavior.  The  viable  approaches 
include  sequential  iterations  between 
disciplines,  specially-derived  system 
matrices,  and  coupling  at  the 
fundamental  equation  level.  The 
coupling  across  disciplines  in  a 
concurrent  multi-disciplinary 
formulation  can  be  represented  by 
coupling  relations.  The  coefficients 
(elements)  in  these  relations  define 
the  coupling  of  a  specific  variable 
from  cne  discipline  with  respective 
variables  from  interacting  disciplines 
(Table  1  ) . 

Perturbation  of  the  variables  in  the 
coupling  relations  provide  a  measure 
of  the  sensitivity  of  the  interacting 
disciplines  to  this  perturbation.  A 
priori  description  of  this  sensitivity 
relationship  enhances  the 
computational  simulation  in  several 
respects:  (1)  scoping  the  degree  of 
coupling,  (2)  identifying  the 
interacting  disciplines,  (3)  resolving 
time/space  scales,  (4)  selecting  time/ 
space  scale  for  loosely  coupled 
interacting  discipline  intervention 
during  the  solution  processes,  (5) 
deciding  on  a  solution  strategy,  and 
(6)  imposing  convi^rgence  criteria. 

Four  different  methods  are  being 
pursued  for  defining  and  deriving 
sensitivity  relations.  These  are:  (1) 
heuristic  -  based  on  available 


traditional  single  discipline 
approaches  and  expert  opinion,  (2) 
mu  1 1 i - d i s c i p 1 i ne  sequential 
optimization  -  based  on  determining  the 
primitive  variables  for  optimum 
response  within  a  single  discipline, 
determining  the  response  for  optimized 
primitive  variables  for  all  coupling 
disciplines,  and  repeating  the  process 
for  each  discipline  of  interest,  (3) 
probabilistic  evaluation  -  based  on 
determining  the  sensitivities  of  multi¬ 
disciplinary  response  to  interrelated 
primitive  variables,  and  (4) 
fundamental  coupled  formulation  -  based 
on  mixed-field  finite  elements  coupling 
the  primitive  equations.  The  results 
for  the  multi-discipline  coupling  of 
the  propulsion  component  responses 
using  these  techniques  are  being 
acquired.  These  results  will  then  be 
processed  to  compute  the  coupling 
coefficients  of  the  specialty  multi¬ 
disciplinary  matrices. 

3.  Use  of  Multi-Parallel  Processor 
Computers 

The  examples  discussed  above  are 
currently  scientifically /technically 
feasible  using  the  existing  computer 
hardware.  The  computer  systems  are 
becoming  more  sophisticated  and  more 
powerful  with  continually  increasing 
processing  speeds  through 
parallelization.  This  concurrent 
development  of  the  computer  hardware 
would  reduce  the  turn-around  time, 
necessary  for  modeling  the  whole 
propulsion  systems  including  all  the 
interactions.  However,  due  emphasis 
must  be  placed  on  innovative  coupled 
<-  nalysis/tailoring  schemes  to  decipher 
the  importance  of  the  various 
interactions  for  propulsion  systems  of 
interest,  as  demonstrated  in  section  3 
above.  Figure  12  (ref.  8)  shows  the 
architecture  of  the  multi-discipline 
coupling  of  structural-analysis  and 
reliability  methods. 

4  . _ Numerical  Propulsion  System 

Simulator 

The  existing  infrastructure  can  be  used 
to  develop  an  integrated  interactive 
multi-disciplinary  computational 
simulator.  Such  a  system  is  under 
development  and  it  is  called  Numerical 
Propulsion  System  Simulator  (NPSS) 
shown  schematically  in  Figure  13  (ref. 
1).  NPSS  would  allow  comprehensive 
simulation  of  the  entire  propulsion 
concepts  and  designs  before  committing 
to  hardware.  It  would  include  recent 
multi-disciplinary  computational 
tailoring  models  to  allow  the  selection 
of  better,  cheaper,  and  faster 
propulsion  designs  for  desired 
performance.  Also,  reliability-based 
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propulsion  design  would  be  possible 
with  the  recent  progress  in 
probabilistic  methods  that  account  for 
all  the  uncertainties  inherent  at 
various  levels  of  the  propulsion 
systems.  This  will  greatly  reduce  (1) 
the  design  space  for  new  systems,  (2) 
our  dependence  on  extensive  hardware 
testing  for  proof-of-concept  and 
system  integration  demonstrations,  and 
(3)  the  need  for  testing  and 
identifying  potential  operational 
problems  early  in  the  design  process. 

The  NPSS  simulator  will  enable  the 
incorporation  of  new  methodologies 
such  as  concurrent  engineering  into 
the  propulsion  design  process.  This 
will  provide  the  capability  to  conduct 
credible,  multi-disciplinary  analyses/ 
tailoring  of  new  propulsion  concepts 


and  designs  at 
minimums. 

true 

cost 

and 

time 

In  essence,  the 

NPSS 

simulator 

will 

include  all 

the 

key 

enabling 

technologies  for  integrated  multi¬ 
disciplinary  analysis  and  tailoring  of 
propulsion  systems.  The  existing 
infrastructure  will  be  used  while 
maintaining  flexibility  to  utilize 
emerging  massively  parallel  computing 
hardware  platforms.  The  simulator 
architecture  as  shown  in  Figure  14 
consists  of  the  simulator  executive 
controlling  the  various  simulation 
codes,  libraries,  data  management 
facilities,  controls,  graphic 
visualization  facilities,  information 
systems,  and  expert  systems.  A 
schematic  of  the  multi-discipline 
coupling  for  propulsion  components  in 
Figure  15  shows  (1)  the  interactions 
between  the  aero/heat-transfer  effects 
and  the  mechanical  clearance  of  the 
structures,  (2)  the  interactions 
between  the  :.sro  system  response  and 
the  inlet  fan  map,  (3)  the  coupling  of 
structures  system  response  and  fan 
loads,  and  (4)  the  coupled  aero  blade 
load  and  blade  tip  clearance  effect. 

5.  CONCLUDING  REMARKS 

Computational  simulation  is  natural 
and  most  cost-effective  way  to 
evaluate  r  ci-discipline  coupling. 
Concurrent  development  of  multi¬ 
disciplinary  modular  stand-alone 
transportable  computer  codes  has 
provided  the  infrastructure  to 
computationally  simulate  multi¬ 
discipline  coupling.  The  coupling 
across  disciplines  in  a  concurrent 
multi-disciplinary  formulation  can  be 
represented  by  coupling  relations. 
The  coefficients  in  these  coupling 
relations  can  be  determined  by  various 
techniques  including  sequential 
optimization,  probabilist-ic 


approaches,  and  coupled  fundamental 
formulations.  The  results  show  that 
coupling  effects  can  be  modeled  using 
existing  codes.  The  coupling  methods 
combined  with  other  suitable 
infrastructure  are  being  used  for 
developing  a  numerical  propulsion 
system  simulator  for  designing/ 
analyzing  propulsion  systems. 
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Table  1  -  Coupled  Multi-discipline  Represenation  for 
Aerospace  Propulstion  Systems 
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Figure  1  -  Engine  Components  Under  Service-Environment  Loadings 
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Figure  2  -  Multi-material  Multi-layered  Composite  Fan  Blade: 
Initial  Design  under  Multi-disciplinary  Loadings 
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Figure  3  -  integrated  Composite  Analysis  (ICAN) 
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Figure  4  -  Regions  of  Constituent  Materials  and  Nonlinear  Material  Characterization  Model 


Figure  5  -  Mutti-material  Mutd-layered  ComposHs  Fan  aade: 
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CANDIDATE  COUPOSITE  STRUCTURE. 
CRAPHITE/EPOXY  (O.SO  FVR,  70*  F)  . 


Initial  and  Optimum  Objective  Values 


Figure  6  -  Multi-Ol^ective  Optimization 


Vibrating  Panel 
(S.S.) 


Acousticaliy  Excited 
T300/IMHS;  0.55  fvr 
Composite  Panel 


Figure  7  '  Acousitcaily  Excited  Composite  Panel 


Figure  8  -  Coupled  Composite-materials/hygral/thermal/structural/acoustic 
simulation:  Effect  of  Laminate  Configuration 
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Turbine  Blade  Loauiing 


Nessus  Turbine  Blade  Geometry  and 

Coarse  Model  Material  Variations 


Effective  Stress  (ksi) 


Rgure  10  -  Probabilislic  Component  Stress  end  SensiiivWes  Analyses 


Soma  Details  of  Currant  Application 
of  NASA's  PSAM  cods. 

(Probabilistic  Crack  Initiation  and  Growth) 

0  Coarse  Mesh  (55  nodes,  40  slaments) 

0  Two-D  FEM  Modeling  (6  d.o.f.  at  node) 
0  Limitsd  Response  Variables  (100) 

0  CPU  time  on  CRAY  (10000  sec.) 

0  Turnaround  time  on  CRAY  (1-2  weeks) 


If  the  Phase  I  Succes  is  carried 
over  Successfully  to  Phase  II  We 
will  be  able  to 

0  Utilize  Multiple  Levels  of  Parallelism 
in  Large  Scale  Structures 
0  Solve  for  Largs  No.  of  Structural 
Response  Variables 
0  Opt  for  S-D/Finer  Mash  for  better 
Accuracy 

0  AcNsva  High  Degree  of  Cost  Effectiveness 
In  Riak/Reliability  Assessment 


Figure  1 1  ■  Fracture  Path  of  a  Rotor  Blade 


Speedup  Factor  ^  MFLOPS 
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Year 


PARALLEL  COMPUTING  CODE 
FOR  PSM 


Figure  12  *  Sdantific/T»cht<ical  Merit/Feasibility 
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•  NETWORKS 

•  DATA  BASE  MANAOEINENT  SYSTEMS 

•  AUTOMATED  VIDEO  D6PIAYS 


A  NUMMRICAL  TEST  CELL 
FOR  AEROSPACE  PROPULSTION  SYSTEMS 
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I  Figure  13-  Numerical  Propulsion  System  Simulator 
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Figure  15  •  Simulator  Models 
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RESUME 

Nous  rapoelons  que  1 'organi sation  de  la  conception 
des  cellules  d'avion  est  liee  aux  performances  des 
outils  dont  on  dispose.  Ces  performances  condition- 
nent  le  nombre  et  la  nature  des  iterations  du  pro¬ 
jet. 

Nous  presentons  et  analysons  1  organisation  d'au- 
jourd'hui  qui  est  construite  autour  des  moyens  de 
CAO,  de  calcul  et  d'optimisation  mathematique  dis- 
ponibles. 

La  conception  se  fait  par  une  premiere  definition, 
suivi  d'une  verification  experimentale,  avec  un 
role  clef  pour  les  essais  en  vol.  On  en  deduit  la 
definition  definitive  qui  est  verifiee  a  1'aide  des 
modeles  de  calcul  recalee  sur  les  essais. 

Nous  examinons  ensuite  les  facteurs  d'evolution  de 
cette  organisation  dans  le  futur  que  sont  : 

-  la  disposition  d"Historiques"  de  1 'ensemble  des 
donnees  du  processus  de  conception, 

-  la  CAO  parametree  et  1 'optimisation  de  forme, 

-  1 'optimisation  multidisciplinaire, 

-  la  conception  par  'Feature', 

-  le  progr^s  des  methodes  de  calcul. 

Nous  concluons  en  soulignant  I'interet  qu'auraient 
les  industriels  de  1 'aeronautique,  les  fournisseurs 
de  logiciel  et  les  chercheurs  a  se  concerter  pour 
developper  les  methodes  de  conception  du  futur. 

ABSTRACT 

We  shall  first  remind  that  organization  of  airframe 
design  is  directly  linked  to  the  performances  of 
available  tools.  As  a  matter  of  fact,  they  condi- 
tic.i  the  number  and  nature  of  project  iterations. 

We  present  and  analyse  the  organization  vhich 
should  nowadays  be  recommended  in  view  of  the  means 
of  CAD,  computation  and  mathematical  optimization 
at  our  disposal . 

This  leads  to  a  first  design,  followed  by  experi¬ 
mental  verifications  with  a  key  role  for  flight 
tests.  The  final  design  is  checked  with  the  help  of 
calculations  models  calibrated  on  tests. 

Then  we  shall  examine  the  new  tools  which  are  the 
factors  of  future  evolution  of  design  methodology  : 

-  To  dispose  of  'Design  History'  corresponding  to 
the  whole  data  of  the  process 

-  Parametric  CAD  and  Shape  optimization 

-  multidisciplinary  optimization 

-  "Feature'  Design 

-  Improvement  of  computation  methods 


As  a  conclusion  we  insist  on  the  fact  that  aircraft 
manufacturers,  CAD  suppliers  and  scientific  sear 
chers  will  be  well  advised  to  create  a  dialogue  as 
to  future  design  methodology. 


1  -  INTRODUCTION 

La  methode  de  conception  est  lart  de  mettre  en 
oeuvre  1  ensemble  des  travaux  specialises  condui 
sant  a  la  definition,  la  realisation  et  la  quali¬ 
fication  d'un  produit.  File  determine  la  nature 
exacte  et  1 'enchainement  des  taches  a  mener.  Elle 
est  directement  dependante  des  moyens  disponibles 
(outils  de  CAO,  Moyens  de  calcu',  Technologie, 
etc. . . ). 

La  tendance  est  souvent  de  rattacher  la  decom¬ 
position  des  taches  d'etude  a  celle  du  produit 
materiel  ;  ce  qui  aboutirait  pour  une  cellule 
d'avion  a  la  decomposition  suivante  ; 


5y$t^«e  avion 

\ 

Sous  systeme 
col lulo 

\ 

Tron^ons 

fenuipes 

/  1  \ 

Piece 
f lementa 


Iterations 


Fabrication 


Dans  une  situation  ideale,  la  definition  de  chaque 
niveau  de  sous-produits  se  ferait  a  partir  des  spe¬ 
cifications  recues  du  niveau  superieur,  et  en  fonc- 
tion  des  potentialites  des  niveaux  inferieurs  sup- 
posees  connues. 

La  fabrication  du  produit  et  sa  verification  a 
chaque  niveau  de  sous-produit  se  ferait  en  ordre 
inverse  de  la  conception. 

En  pratique  cette  organisation  ne  peut  fonctionner 
qu'avec  des  iterations  de  deux  types  : 

.  Iterations  d 'etudes  entre  un  niveau  et  ses 
niveaux  inferieurs  pour  apprehender  la  pertinence 
des  specifications  et  pouvoir  definir  les 
interfaces  entre  les  sous-produits  de  meme 
niveau . 

.  Iterations  de  verifications  experimentales.  Elies 
nScessitent  la  fabrication  et  1 'essai  de 
'prototypes'  de  sous-produits  et  de  1 'avion 
lui  -meme. 

Le  nombre  et  la  nature  de  ces  iterations  est  etroi- 
tement  dependant  ; 

-  du  degre  d'innovation  deraande  au  produit. 
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du  contexte  technologique  dans  lequel  on  se  trou 
ve,  en  particul ier  : 

.  la  flexibilite  des  ootils  de  definition  (CAO) 
dont  on  dispose, 

.  la  fiabilite  et  de  la  flexibilite  des  outils  de 
simulation  numerique, 

.  la  di sponibi 1 i te  de  moyen  dessais, 

.  la  disponibi lite  doutil  d  optimi sation  mathe- 
matique. 

Nous  allons  illustrer  ce  propos  en  analysant  1  or¬ 
ganisation  de  la  conception  dfe  la  cellule  dun 
avion  de  combat  avec  les  nKiyens  disponibles  aujour- 
d  hui . 

On  examinera  ensuite  quel les  sont  les  evolutions 
possibles  de  ces  moyens  qui  influencerors  1  orga¬ 
nisation  de  la  conception  des  cellules  cans  le  fu- 
tur . 

2  -  ANALYSE  DUNE  ORGANISATION  ACTUELLE  OES  ETUDES 
DE  STRUCTURE 

Cette  organisation  correspond  au  developpement  dun 
avion  de  combat  'classique'  aujourd'hui  (Emploi  des 
materiaux  composites  i  grande  echelle,  commandes  de 
vol  "electriques'l. 

Parmi  les  moyens  dont  on  dispose,  ceux  qui  condi- 
tionnent  le  plus  1 'organisation  sont  : 

-  un  outil  de  CFAO  efficace  CCATIA)  capable  d'ali- 
menter  une  base  de  donnee  geometrique  commune  a 
tous  les  niveaux  (y  compris  la  fabrication)  ; 

-  un  outil  d'analyse  et  d 'optimisation  du  dimen- 
sionneraent  (ELFINI),  couplant  directement  les 
calculs  d'aeroelasticite,  des  charges,  de  la  res¬ 
istance  des  materiaux,  etc...  Cvoir  reference  I). 
Cet  outil  est  directement  connecte  au  systeme 
CATIA  par  son  mai  1  leur /topologique' .  II  permet 
d'analyser  a  faible  cout  et  delais  un  tres  grand 
nombre  de  variantes  de  la  definition,  grace  a 

1  association  : 

.  de  1  optimi sation  structurale  qui  fait  que  les 
echanti 1 lonnages  deviennent  les  sorties  des 
calculs  au  lieu  d'etre  des  donnees  a  fournir, 

.  du  mailleur  topologique  qui  rend  les  donnees  du 
maillage  relativement  peu  sensible  aux 
variations  de  geometrie, 

.  de  1  existence  d'un  "Historique"  de  1 'ensemble 
des  donnees  des  maillages  et  des  calculs,  ce 
qui  permet  de  les  rejouer  dans  les  iterations 
en  ne  modi fi ant  que  cel les  qui  changent. 

-  La  maitrise  globale  des  technologies  qu'on  se 
propose  d'utiliser  ;  ce  qui  implique  la 

di sponibi 1 ite  dun  Standard  de  conception  (Design 
Handbook)  valide,  avec  les  regies  de  calcul 
associees. 

La  logique  de  developpement  de  la  structure  doit 
aussi  tenir  compte  du  niveaux  de  fiabilite  des 
methodes  de  calcul  et  des  moyens  d'essais  dispo¬ 
nibles,  entre  autre  ; 

-  de  la  precision  moyenne  des  calculs  theoriques 
d'aeroelasticite  et  de  charges  ;  elle  ne  devient 
bonne  qu'apres  un  recalage  sur  les  essais  en 

vol  ; 


de  la  bonne  precision,  en  principe,  des  calculs 
d'elasticite  (calcul  des  champs  de  contrainte  en 
function  des  charges)  avec  la  possibilite  de 
faire  des  'zoom'  d'analyse  locale  non  lineaire 
aussi  precis  qu'il  est  necessaire,  raais  avec  un 
risque  omnipresent  d'erreur  humaine  : 

.  dans  les  maillages,  et  dans  leur  representati 
vite  de  la  structure  reelle, 

.  dans  1 'analyse  des  resultats, 

.  dans  la  gestion  des  impasses  sur  les  calculs 
rat  fines. 

-  de  la  faiblesse  des  criteres  theoriques  de  con 
traintes  admissibles  (en  statique  pour  les  compo 
sites,  en  fatigue  pour  les  metal  1 iques ) .  Ils  ne- 
cessitent  une  calibration  experimentale  extensive 
couvrant  1  ensemble  des  configurations  autorisees 
par  le  Standard  de  Conception. 

Dans  ce  contexte,  1 'organisation  de  la  conception 
des  structures  est  menee  avec  1  enchainement 
presente  planche  1. 

Les  grandes  lignes  de  chaque  etape  sont  les  sui- 
vantes  ; 

-  AVANT  PRO JET 

Dans  cette  phase  la  definition  de  la  structure  est 
impllcite,  son  influence  est  prise  en  compte  par 
des  formules  empiriques. 

-  CONCEPTION  GENERALE  DE  LA  CELLULE  EQUIPEE 

A  partir  d'une  forme  exterieure  donnee  on  definit 
plus  precisement  1 'implantation  des  principaux 
equipements,  du  poste  de  pilotage,  des  reservoirs, 
etc...,  cela  en  association  etroite  avec  un  dessin 
general  de  structure  (dit  'Voiles  et  Planchers'), 
donnant  le  maillage  general  et  les  grands  choix 
technologiques  (dont  les  materiaux). 

Le  diraensionnement  general  de  la  structure  est  rea¬ 
lise  en  parallele  du  dessin  general,  il  comporte  ; 

-  la  realisation  d'un  modele  element  fini  global 
(Figure  1)  qui  sert  de  base  a  tous  les  types 
d'analyse  qui  suivent  : 

.  les  calculs  d'aeroelasticite  statique  et  de 
flutter, 

.  le  calcul  des  charges, 

.  1 'analyse  globale  de  la  resistance  mecanique  en 
statique  et  en  fatigue. 


Figure  1  maillage  general  d  un  avion  oe  comsat 
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Une  optimisation  math^atique  gere  directement 
1 'ensemble  de  ces  analyses,  elle  fournit  I'echan- 
tillonnage  (epaisseur  de  peau,  section  de  raidis- 
seur,  norabre  de  plis  de  chaque  direction  pour  les 
panneaux  composites),  le  resultat  correspondent  a 
la  masse  minimale  tout  en  satisfaisant  siraultane- 
ment  des  crit^res  d'aeroel asticite  statique,  de 
Vitesse  de  flutter,  de  resistance  des  materiaux, 
etc...  (Voir  Reference  1). 

C'est  dans  cette  phase  de  conception  generale  que 
se  reussit  un  avion.  II  en  resulte  la  necessite 
d'iterer  sur  un  grand  nombre  de  configurations  du 
dessin  general  de  1 'avion  et  de  la  structure. 

Le  dimensionnement  correspondent  a  chacune  des  con¬ 
figurations  peut  etre  extreme.ment  rapide  et  1 'opti¬ 
misation  mathematique  garantit  1 'objectivite  des 
comparaisons. 

-  CONCEPTION  DES  TRONCONS  EQUIPES 

Les  dessins  de  1 'amenagement  des  trongons  et  ceux 
de  la  structure  (dessins  d'enserables  et  dessins  de 
pieces)  se  font  en  complete  interaction,  ils  sont 
soutenus  par  les  analyses  : 

.  de  la  resistance  structurale, 

.  de  1 'aptitude  i  la  fabrication, 

.  de  1 'aptitude  au  soutien  logistique  (et  autres 
etudes  "RAMS") 

Ceci  necessite  : 

-  1 'organisation  de  la  concertation  entre  les 
divers  intervenants  (Concurrent  Engineering), 

-  un  systeme  de  base  de  donnee  informatique  commun 
federant  toutes  les  activites  ;  c'est  la 
'Maquette  numerique'  construite  a  partir  des 
mode les  CATIA. 

Le  calcul  de  la  resistance  mecanique  du  trongon 
s'appuie  sur  des  modules  raffines  (voir  Figure  2)  ; 
ils  sont  generalement  non  lineaires  (post-flambage, 
plasticite,  contact).  Les  conditions  aux  limites  de 
ces  calculs  locaux  sont  prises  dans  le  Module 
General  par  une  technique  de  'Super  element*. 


Figure  2  -  cxicuts  locaux 

La  pertinence  de  1 'amenagement  est  verifiee  a  la 
fois  avec  la  maquette  numerique  et  des  maquettes 
physiques. 


L.J  conception  de  detail  amene  a  considerer  des 
situations  plus  complexes  que  celles  envisagees 
dans  les  standards  de  dessins  disponibles  ini- 
tialement.  II  en  resulte  la  necessite  de  valider 
ces  configurations  par  des  essais  partiels.  11  faut 
faire  des  calculs  comparatifs  pour  valider  les 
conoitions  de  chargement  des  eprouvettes  de  ces 
essais  partiels  par  rapport  a  celle  de  1 'avion. 

Les  moyens  utilisables  aujourd'hui  pour  la  jus¬ 
tification  de  la  definition  detaillee  (calculs  et 
essais)  sont  dans  1 'ensemble  trop  lourds  pour  per- 
mettre  plus  de  1  ou  2  iterations  ;  I'outil  d'opti- 
roisation  mathanatique  de  ELFINI  n'est  pas  actuel- 
lement  operationnel  a  ce  niveau  (Analyses  non  line¬ 
aires,  dominante  des  parametres  de  forme). 

II  en  resulte  que  la  fabrication  d'un  avion  de 
developpement  peut  etre  lancee  sur  une  definition 
qu'on  sait  pertinemment  optimisable. 

-  ESSAIS  SUR  LES  AVIONS  DE  DEVELOPPEMENT  (Au  sol  et 
en  vol ) 

On  verifie  la  1 'ensemble  du  fonctionnement  de 
1 'avion  et  son  aptitude  au  soutien  logistique  ; 
pour  valider  les  modeles  structuraux  on  effectue  en 
plus  les  4  types  d'essais  suivants  ; 

.  Etalonnage  statique  de  1 'avion  au  sol  (Reponse 
de  quelques  centaines  de  jauges  de  contrainte 
sous  1 'influence  de  quelques  dizaines  de 
chargements  independents), 

.  Essais  de  vibration  au  sol, 

.  Identification  des  charges  en  vol  au  travers  de 
la  reponse  de  jauges  de  contraintes  pendant 
divers  types  de  manoeuvres, 

.  Essais  de  vibration  en  vol  pour  la  verification 
du  model e  de  flutter. 

-  CELLULE  D'ESSAIS  STATIQUES  ET  DE  FATIGUE 


C'est  elle  qui  fonde  la  qualification  de  la  struc¬ 
ture  pour  la  resistance  mecanique,  elle  permet  de 
demontrer  les  marges  eventuelles.  L'essai  statique 
d'une  cellule  complete  reste  necessaire  car  on  ne 
peut  garantir  qu'aucun  defaut  de  'dessin'  ne  passe 
le  filtre  des  calculs  et  des  essais  partiels. 

On  limite  le  risque  de  rupture  prematuree  de  1 'e- 
prouvette  en  roenant  les  essais  statiques  progres- 
sivement  et  en  recalant  constamment  les  modeles  de 
calcul . 

Pour  reduire  les  risques  de  decouverte  trop  tardive 
des  difficultes,  ces  essais  se  font  sur  la  defini¬ 
tion  de  developpement.  La  justification  de  la 
definition  serie  est  extrapolee  ensuite  par  analy¬ 
se. 

-  MISE  A  JOUR  DE  LA  LIASSE  POUR  L'AVION  DE  SERIE 

Les  modules  generaux  (Elastique,  Dynamiques, 

Aeroel astique,  Charges)  sont  recales  a  partir  : 

.  des  essais  des  avions  de  developpement, 

.  des  modelisations  fines  des  trongons. 

On  repasse  ensuite  sur  la  definition  et  la  veri¬ 
fication  du  dimensionnement  des  trongons  avec  des 
charges  locales  actualisees. 


14-5 


Un  reprend  en  compte  ; 

.  les  lecons  tirees  des  vols  et  de  la  mise  en 
oeuvre  de  1 'avion  de  developpement, 

.  les  contraintes  liees  a  1 'organisation  de  la 
production  industrielle  qui  sont  alors  mieux 
analysees, 

.  1  ensemble  des  remords,  et  des  modifications  de 
specification  qui  seraient  arrivees  entre 
temps. 

-  OPERATIONS  ULTERIEURES 
Nous  y  trouvons  ; 

-  les  etudes  des  versions  modifiees  de  1 'avion  ; 

-  les  etudes  de  derogations,  reparations  et  de 
reponses  aux  incidents  divers  ; 

-  les  mesures  des  spectres  de  charge  en  service  ; 

-  1 'etude  des  prolongations  ou  des  retraits  de 
services . 

La  methode  de  conception  initiale  n'est  pas  indif- 
ferente  pour  ces  travaux,  qui  devraient  idealement 
se  mener  en  recuperant  et  en  actual isant  les 
modeles  mis  au  point  initialement. 

-  REMARQUES  :  CHEVAUCHEfCNT  DES  OPERATIONS 

Le  processus  reel  est  moins  sequenciel  que  nous 
I'avons  schematise,  ainsi  ; 

On  n'attend  pas  que  soit  figee  la  definition 
generale  pour  lancer  : 

-  1 'etude  des  details  critiques  faisant  I'objet 
d'essais  partiels  ; 

-  les  travaux  de  preparation  de  la  fabrication 
demarrent  des  qu'une  definition  preliminaire 
des  pieces  est  connue  ; 

-  la  definition  de  details  continue  a  se  perfec- 
tionner  pendant  la  fabrication  et  les  essais  de 
1 'avion  de  developpement. 

3  -  FACTEURS  D'EVOLUTIONS  POSSIBLES 

Les  developpements  de  nos  outils  ont  a  satisfaire 
plusieurs  types  d'ambitions,  quelquefois  contra- 
dictoires,  par  exemple  : 

-  reduire  la  duree  des  cycles  et  du  cout  des  opera¬ 
tions, 

-  tenter  la  reussite  du  ler  coup  (pas  de  prototype) 
quand  on  n'a  pas  d'innovation  technologique 
majeure, 

-  diminuer  les  risques  prograramatiques, 

-  une  meilleure  optimisation  des  performances  du 
produit  : 

-  faciliter  la  prise  en  compte  de  nouvelles  speci¬ 
fications  qui  obi i gent  a  innover  par  rapport  aux 
solutions  de  ^essin  standardise  ; 


Pour  satisfaire  tout  ou  partie  de  ces  ambitions 
nous  voyons  poindre  les  techniques  suivantes  ; 

-  La  manipulation  d "Hi storiques  Generalises*  de 
1  ensemble  des  donnees  du  processus  d~e 
conception. 

L'idee  directrice  est  que  1  ensemble  des  travaux 
de  definition  et  de  justification  se  materiali 
sent  aujourd'hui  par  des  donnees  entrees  par  des 
hommes  dans  des  systemes  informatiques  (donnees 
des  outils  de  CAO  et  de  calcul,  editions  des 
dossiers  de  justification,  etc..).  Pour  effectuer 
les  mises  a  jour  necessitees  par  les  iterations 
de  pro jet  il  doit  suffire  de  rejouer  ces  donnees 
qui  ont  ete  stockees  a  la  premiere  iteration  avec 
leurs  motivations,  en  n 'i ntrodui sant  que  les 
differences  avec  la  definition  precedente 

-  La  definition  des  parametres  d'optimisation 
structurale  directeme'nt  au  niveau  de  I'outil  de 
definition  CAO,  et  la  possibilite  d'effectuer  1 e s 
analyses  de  sensibilite  directement  a  partir  de 
ces  'parametres  CAO". 

Aujourd'hui  un  des  freins  pour  elargir  le  champ 
d'application  de  1 'Optimisation  Structurale  deja 
version  actuel le  de  ELFINI,  et  des  outils  de  meme 
type,  est  que  les  Variables  de  Conception  sont 
definies  seulement  au  niveau  du  maillage  elements 
finis.  II  est  maintenant  necessaire  de  faire 
1 'effort  ; 

.  de  definir  ces  parametres  a  la  source  de  la 
definition  (c 'est-a-dire  le  modele  CAO), 

.  de  developper  les  outils  permettant  le  calcul 
des  derivees  partielles  du  maillage  E.F.  par 
rapport  a  ces  parametres,  Cau-dela  I'outil 
existe  voir  ref .  1 ) , 

.  de  definir  les  nouvelles  contraintes  'topo 
logiques'  de  conception 
.  d'adapter  I'optimiseur  mathematique  a  ces 
nouvelles  contraintes. 

Cet  outil  permettra  aussi  de  pratiquer  I'opti  ■ 
misation  avec  les  analyses  non  lineaires  des 
dessins  de  detail  qui  font  pratiquement  toujours 
intervenir  des  parametres  geometriques. 

-  Optimisati(?n  multidisciplinaire 

Disposant  d'une  CAO  manipulant  les  parametres  de 
forme  on  peut  envisager  de  fapon  realiste  de  pra¬ 
tiquer  une  optimisation  matheraatiniie  analysant 
simultanOTent  1 'aerodynamique,  les  performances, 
les  qualites  de  vol,  la  structure,  et  si  besoin 
des  aspects  de  furtivite. 

Cette  optimisation  multidisciplinaire  pourrait 
etre  menee  S  partir  d'une  technique  de  'conden¬ 
sation"  des  sous-probl ernes  d'optimisation  de  cha- 
que  discipline,  comrae  de  celle  exposee  dans  la 
reference  2. 

-  Conception  par  'F'eature' 

Les  pieces  sont  decrites  par  une  suite  de  traits 
generiques  dits  "Features"  (Exemples  :  Tole, 
Soyage,  Bord  tombe,  Trou,...).  A  ces  'Features' 
sont  rattachees  des  caracteristiques  de  toutes 
natures  dont  les_rel ations  avec  la  geometrie. 

L 'ensemble  peut  etre  decrit  dans  un  langage 
'naturel ". 

Le  modele  geometrique  n'est  qu'un  des  resultats 
de  la  definition  par  Feature. 


-  etc. . . 
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On  peut  attacher  a  la  description  de  la  piece 
elle-m^,  celle  de  son  processus  de  fabrication 
en  allant  jusqu'a  la  definition  des  outillages. 

Un  processus  similaire  peut  s'appliquer  au  mail- 
lage  et  au  calcul  de  resistance. 

Les  standards  de  conception  sont  introduits  dans 
la  prograiwiation  des  Features,  leurs  regies  peu- 
vent  y  etre  manipulees  par  des  techniques  d'in- 
telligence  artif iciel le. 

En  depit  des  apparences  un  certain  degre  d'inno- 
vation  peut  rester  avec  la  conception  par  Fea¬ 
ture,  en  concevant  des  combinaisons  originales  de 
'Features'  eleiiientaires. 

La  conception  par  Feature  n'est  pas  exclusive  des 
techniques  precedences  (hitorique  des  donnees, 

CAO  parametree,  optimisation)  auxquelles  sa 
programmation  peut  faire  appel . 

La  conception  par  Feature  est  potentiel lement  un 
facteur  de  reduction  considerable  des  couts  et 
des  delais  de  la  definition  et  de  la  preparation 
des  fabrications  des  structures.  File  materialise 
un  veritable  'Concurrent  Engineering'  entre  Bu¬ 
reau  d 'Etude  et  Bureau  de  Fabrication.  Elle  est 
un  facteur  de  fiabilite  par  la  standardisation 
qu'elle  implique. 

-  perfectionnement  des  methodes  de  calcul 

II  joue  potentiel lement  ; 

.  pour  reduire  le  nombre  d'essais, 

pour  pouvoir  envisage.'  des  dessins  s'ecartant 
du  Standard  sans  multiplier  les  essais  par- 
tiels,  et  ainsi  faciliter  1 'innovation  en  gene¬ 
ral  . 

Parmi  les  domaines  ou  des  progres  sont  h  esperer  et 
qui  contraignent  actuel lement  le  plus 
1 'organisation  de  la  conception,  on  peut  citer  ; 

.  les  calculs  elastoplastiques  tridimensionnel s 
des  assemblages  ;  ils  devront  permettre  1 'eva¬ 
luation  en  fatigue  et  en  tolerance  au  doimiage 
des  elements  non  standardises,  pour  lesquels  on 
ne  dispose  pas  de  donnees  experimentales, 

.  le  calcul  des  reponses  aux  impacts  (oiseaux) 
qui  doivent  devenir  fiables  et  ainsi  mieux  sup¬ 
porter  la  recherche  d'un  dessin  acceptable, 

.  les  modeles  dynamiques  moyenne  frequence  qui 
interviennent  : 

-  pour  le  systeme  de  controle  du  vol  quand  on 
veut  augmenter  sa  bande  de  frequence  et  lui 
donner  une  fontion  de  controle  du  flutter, 

-  pour  1 'analyse  des  probleraes  de  fatigue 
aeroacoustique  et  de  vibration  des  equipe- 
ments. 

.  Les  calculs  d'aerodynamiques  stationnaires  et 
instationnaires  qui  interviennent  dans  le 
calcul  des  charges  et  1 'analyse  du  flutter, 

.  les  techniques  de  calibration  des  modules  sur 
I'ensemble  des  resultats  disponibles  d'essais 
ou  les  resultats  de  calcul  'locaux'  plus  so- 
phistiques . 


^  -  CONCLUSION 

L'arrivte  de  ces  nouveaux  outils  peut  reduire  si- 
gnificativement  les  couts  et  les  delais  d'etude  a 
tous  les  niveaux  ;  la  standardisation  impliquee  par 
ces  nouvelles  procedures  sera  un  facteur  de  qua- 

I  ite. 

L 'optimi sation  de  la  solution  devrait  etre  bien 
mePleure  grace  a  la  facilite  d'iterer  a  faible 
cout  dans  les  etudes  et  grace  a  I'aide  des  opti 
miseurs  mathematiques. 

Independamment  des  besoins  de  verification  venant 
des  autres  domaines  et  du  Soutien  Logistique,  le 
manque  de  fiabilite  des  calculs  continuerait  a  ne- 
cessiter  la  grande  iteration  :  Definition  'Develop- 
pement'  -  Definition  'Serie'. 

Actuel lement  sur  beaucoup  de  points  cette  faiblesse 
n'est  pas  due  a  1 'inexi stance  d'outils  appropries 
mais  a  celui  du  cout  de  leur  emploi  systematique . 

Ce  facteur  devrait  diminuer  avec  le  temps,  a  la 
fois  par  1  augmentation  'naturelle'  de  la  puissance 
informatique  disponible,  et  par  la  simplification 
de  la  mise  en  oeuvre  des  calculs,  comme  celle 
esperee  du  'Feature  Modeling'.  Les  modeles  de 
calcul  standardises  generes  par  les  nouveaux  outils 
diminueront  aussi  les  risques  d'erreur  humaine  a  la 
fois  dans  les  donnees  et  les  resultats  des  calculs. 

Au  demarrage  d'un  projet  d'avion  en  cooperation  les 
partenaires  doivent  s'etre  entendus  sur  la  methode 
de  conception  qu'ils  veulent  pratiquer  car  e'est 
elle  qui  determine  la  liste  des  taches  a  effectuer 
done  a  se  partager  ;,elle  determine  aussi  les  in¬ 
terfaces  entre  ces  taches.  Les  partenaires  doivent 
aussi  disposer  des  outils,  des  Standards  et  du  sa- 
voir  faire  correspondent  a  rette  methode. 

II  en  resulte_que  I'etude  de  la  methode  de  con¬ 
ception  doit  etre  commencee  tres  en  amont  des  pro¬ 
grammes  ; 

-  pour  identifier  les  methodes  potentiel les  et 
eraettre  la  specification  des  outils  logiciels 
qu'elles  impliquent  vers  leurs  fournisseurs, 

-  pour  developper  et  tester  ces  outils, 

-  pour  mettre  en  place  et  valider  les  Standards  de 
Conception  informatises  associes  aux  methodes 
(surtout  avec  le  Feature  Modeling),  aux  techno¬ 
logies  et  aux  materiaux  proposes. 

Pour  etre  efficaces  et  moins  couteux  ces  travaux 
doivent  faire  1 'ob jet  d'une  large  concertation 
entre  les  industriels  de  I'aeronautique,  les  four¬ 
nisseurs  de  logiciel  de  CAO  et  le  monde  de  la 
Recherche  Scientifique. 
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